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Phosphorus (P) is an essential element for life as it is a structural component of nucleic acids, membrane 
lipids, energy metabolites or activated intermediates in the photosynthetic carbon cycle and throughout primary 
metabolism. Inorganic phosphate (Pi) also plays a crucial role in signal transduction cascades. Pi is a macronutrient 
for plants and its availability limits plant growth and development in many soils throughout different climatic zones. 
To cope with growth under a low Pi supply, plants count on a battery of morphological, physiological, metabolic, 
biochemical and molecular changes collectively called the Pi-starvation response (PSR), that are regulated at the 
transcriptional level, mainly by the key transcriptional factors (TFs) PHOSPHATE STARVATION RESPONSE1 (PHR1) 
and PHR1-like1(PHL1), and at the post-transcriptional level by a pool of mechanisms that, together with 
ubiquitination, affect Pi uptake and long-distance Pi signaling, thus modulating Pi-starvation responses.  
In this work, we have identified and characterized a family of E3 ubiquitin (Ub) ligases (E3), called KISS ME 
DEATHDLY (KMDs) that are responsive to Pi-starvation at the transcriptional level and are negatively controlled by 
PHR1/PHL1. KMD proteins are substrate adaptors into an S-PHASE KINASE-ASSOCIATED PROTEIN1 (SKP1)/Cullin 
(CUL)/F-box protein (SCF) E3 complex and directly interact with phenylalanine ammonia-lyase 2 (PAL2), mediating 
PAL2 proteolytic turnover via the ubiquitin-26S proteasome system (UPS). PAL catalyzes the first rate-limiting step 
in the phenylpropanoids biosynthesis pathway. In Arabidopsis KMD mutants and overexpressors, the biosynthesis 
of phenylpropanoids is reciprocally impaired at the level of the (i) precursor phenylalanine (L-Phe), (ii) 
intermediates like ferulic and sinapic acid, and (iii) products like anthocyanin pigments. 
 Moreover, Arabidopsis KMDs mutants and overexpressors displayed hypersensitivity and insensitivity to 
cytokinin (CK) treatments, respectively, and such an effect is altered according to Pi and sucrose (Suc) availability.  
Based on our findings, KMDs act as an integrator node of the previously reported (i) bidirectional antagonistic 
interactions between cytokinin and both sugar and Pi-starvation signaling, as well and more importantly in the 
focus of this research, of the (ii) positive bidirectional interaction between sugar and Pi-starvation signaling, by 
means of the post-transcriptional regulation of PAL stability, among others. KMD genes respond to developmental 
and environmental cues, however the major transcriptional effect over KMDs transcription is produced by the 
availability of metabolizable sugars in the medium. Thus, we propose that KMDs contribute in sugar and Pi-
starvation signaling interaction acting as integrators of the two pathways, by controlling the stability of the common 
effector PAL, which alters the carbon flux directed to the phenylpropanoids biosynthesis and, in consequence, the 
fine-tuned balance between Pi and sugar status in the cell.



















El fósforo (P) es un macronutriente esencial para todos los organismos vivos. Las plantas absorben el P 
como ortofosfato (Pi) y su disponibilidad limita el desarrollo y crecimiento de las plantas en muchos suelos en 
diferentes zonas climáticas del mundo. Las plantas han desarrollado una serie de respuestas adaptativas, que 
incluyen cambios metabólicos y en el desarrollo que les permiten sobrellevar situaciones de estrés por carencia 
de Pi en el suelo. Dichos cambios adaptativos son el producto de variaciones en la expresión génica, reguladas 
principalmente por los factores de transcripción (TFs; del inglés Transcription Factors) PHOSPHATE STARVATION 
RESPONSE1 (PHR1) y PHR1-like1 (PHL1), y de modificaciones post-traduccionales, mediadas por un conjunto de 
mecanismos que junto con la ubiquitinación, afectan la captación y señalización a larga distancia de Pi, modulando 
así las respuestas adaptativas al ayuno de Pi en plantas. En este trabajo, hemos identificado y caracterizado una 
familia de E3 ubiquitina (Ub) ligasas (E3), llamada  KISS ME DEATHDLY (KMDs) que a nivel transcripcional responden 
a la carencia de Pi y que son controladas negativamente por PHR1/PHL1. Las proteínas KMD son adaptadores de 
sustrato en complejos E3 del tipo S-PHASE KINASE-ASSOCIATED PROTEIN1 (SKP1)/Cullin (CUL)/F-box protein (SCF) 
e interactúan físicamente con la fenilalanina amonia liasa 2 (PAL2; del inglés Phenylalanine Ammonia-Lyase 2), 
mediando su degradación proteolítica a través del sistema ubiquitina-proteosoma 26S (UPS; del inglés Ubiquitin-
26S Proteasome System). PAL cataliza la primera etapa limitante en la biosíntesis de los fenilpropanoides. En los 
mutantes y sobre-expresores de KMDs de Arabidopsis, la biosíntesis de los fenilpropanoides está recíprocamente 
alterada a nivel (i) del precursor fenilalanina (L-Phe), (ii) de intermediarios como ácido ferúlico y ácido sinápico, y 
(iii) de productos tales como las antocianinas. Adicionalmente, los mutantes y sobre-expresores de KMDs muestran 
hipersensibilidad e insensibilidad a tratamientos con citoquininas (CKs), respectivamente, y este efecto es 
dependiente de la disponibilidad de Pi y sacarosa (Suc; del inglés Sucrose). Según nuestros hallazgos, las proteínas 
KMD actúan como un nodo integrador de (i) la interacción antagónica bidireccional entre las CKs y las rutas de 
señalización de azúcares y Pi y, aún más relevante dentro del foco de esta investigación, de (ii) la interacción positiva 
bidireccional entre las rutas de señalización de azucares y del ayuno de Pi, por medio de la regulación post-
traduccional de la estabilidad de PAL, entre otros. Los genes KMD responden a diferentes estímulos ambientales, 
sin embargo, la disponibilidad de azúcares metabolizables en el medio surge el mayor efecto transcripcional sobre 
éstos. Por lo tanto, basados en los resultados obtenidos en esta investigación, proponemos que las proteínas KMD 
contribuyen en la interacción conocida entre las rutas de señalización del ayuno de Pi y de azucares, actuando 
como integradores de las dos rutas, mediante el control de la estabilidad del efector común,  PAL. Así, KMDs 
contribuyen en la regulación del flujo de carbón destinado a la biosíntesis de los fenilpropanoides y, en 
consecuencia, en el mantenimiento del balance entre el Pi y los azucares en la célula.    





















3.1. THE UBIQUITIN-26S PROTEASOME PATHWAY 
 
Ub is a small peptide that acts as a post-translational modifier to virtually regulate all aspects of cell biology 
in eukaryotes, including cell division, growth, communication, movement and death (Hershko & Ciechanover, 
1998). In plants, Ub has been related to the control of many physiological, developmental and stress responses, 
such as phytohormone signaling, flowering, circadian clock function, plant defense, heat shock and cold stresses, 
DNA damage repair, nutrient deprivation and drought tolerance (reviewed in Smalle & Vierstra, 2004). Also, Ub 
helps the cell to get rid of proteins with biosynthetic/folding errors (Raasi et al., 2007). In many cases, this control 
is exercised by the degradation of target proteins through the 26S proteasome, which is a 2MDa ATP-dependent 
proteolytic complex (reviewed in Voges et al., 1999; Hartmann-Petersen et al, 2003) with multiple isoform 
assembles in plants (Fu, et al. 1999; Shibahara et al. 2002; Yang et al. 2004). Given the relevance on this process 
(known as the ubiquitin-26S pathway), it discovery and description, during the 70’s and 80’s, earned the 2004 
Noble Prize in Chemistry to the Drs. Aaron Ciechanover, Avram Hershko and Irwin Rose (Hershko et al., 1980; 
Hershko & Ciechanover, 1982).  
Ub is present in all examined eukaryotic organisms and it is the most structurally conserved protein yet 
identified; its 76 amino acid (aa) sequence is invariant in the plant kingdom and only differs in two residues from 
the yeast Ub, and in three residues from animal Ub (Callis et al., 1995). At the three dimensional (3-D) level, it has 
a globular shape with five beta strand structures forming a cavity into which an alpha helix fits (Vierstra, 1996). 
Protruding from the globular shape is the C-terminal glycine (Gly) 76 that covalently interacts, via the carboxyl 
group, with ubiquitination enzymes and participates in the attachment to its targets (Figure 1-A). 
3.1.1. The ubiquitination cascade 
Ub is covalently linked to target proteins by an isopeptidic bond between the Ub C-terminal Glycine (Gly)76 
and lysine (Lys) residues of the intracellular target protein. The attachment is the result of an adenosine 
triphosphate (ATP)-dependent specific enzymatic cascade (ubiquitination) (Figure 1-B). These cascades begins with 
the binding of the Ub (Gly76) with a cysteine (Cys) in an E1 Ub-activating enzyme (E1), via a thiol-ester linkage, and 
the transference of the activated Ub to a Cys in an E2 Ub-conjugating enzyme (E2 or UBC), via transesterification. 




the Ub-E2 intermediate and the protein target, that is then ubiquitinated. Therefore, E3s play a key role in 
ubiquitination by providing substrate specificity (reviewed in Smalle & Vierstra, 2004).  
 
Consecutive cycles of ubiquitination may result in polyubiquitination and subsequent recognition by the 
26S proteasome for degradation (Hershko & Ciechanover, 1998). Despite the well-established function of 
ubiquitination in regulated proteolysis via the proteasome, recent evidence has shown that this mechanism can 
modulate protein function through additional means. In this context, it has been found that different poly-Ub chain 
conformations determine different fates for the targeted protein. Thus, substrates for proteosomal degradation 
are labeled with chains in which Ubs are linked via their Lys11 or 48, whereas Ub chains linked via Lys6, 29 or 63 
modulate other aspects of protein functionality, such as localization, assembly, structure or enzymatic activity 
(Deshaies & Joazeiro, 2009). A similar effect is found in the case of protein monoubiquitination, which is involved, 
for example, in endocytosis of membrane receptors and histone modification (Sigismund et al., 2004). However, it 
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Figure 1. The ubiquitination
enzymatic cascade.
(A) 3-D reconstruction of the Ub
molecule, from two different views.
Alpha helical and beta strand
structures are in blue and green,
respectively. Gly 76 residue, required
for the attachment to the target
protein, and the Lys residues
involved in the polyubiquitin chain
formation, are represented. Figure
modified from Vierstra, 2009.
(B) Schematic representation of Ub
tagging of a target protein.
Ubiquitination requires an enzymatic
cascade that catalyzes the activation
(E1), conjugation (E2) and transfer
(E3) of the ubiquitin molecule. The
subsequent poly/mono-
ubiquitination is a signal for further
degradation via 26S proteasome or
for non-proteolitic functions. Figure





Shabek et al., 2012). Target ubiquitination can be reversed by Ub hydrolases (i.e., deubiquitinases or Ub 
deconjugases), adding an additional level of complexity to the regulatory mechanisms involved in this 
posttranslational modification (Kim et al., 2003). Arabidopsis genome expresses two E1 isoforms of ∼1100aa 
(Hatfield et al., 1997), with high catalytic efficiency that ensure the activated Ub pool needed in the ubiquitination 
cascade (Pickart, 2001). E2s are identified by a Cys active-site surrounded by a catalytic core (150aa) (Hamilton et 
al., 2001), that is well conserved between the at least 37 E2s, reported in the Arabidopsis genome (Vierstra, 1996; 
Bachmair et al., 2001). Is well know that some E2s have N and/or C-terminal motifs that may contribute in 
appropriate E3s association, localization and target recognition (Smaller & Vierstra, 2004).  
The organization of the UPS is hierarchical with most of the complexity residing in the E3 protein families 
that decide which proteins should be ubiquitinated. Indeed, whereas Arabidopsis genome contains 2 E1 genes and 
37 E2 genes, it contains ∼1300 genes encoding E3 components (Vierstra, 2003). In the next section, we will focus 
in the review of the E3s mechanism of action and functions in plants. 
3.1.2. E3 ligases 
As the enzymes responsible for identifying Ub-target proteins, E3s confer the specificity to the 
ubiquitination process and, therefore, they are the most abundant and diverse factors of the cascade. It is reported 
that there are more than 1300 genes that encode putative E3s in the Arabidopsis genome (Gagne et al., 2002; 
Vierstra, 2003). Originally, E3s were described in mammals (Hershko et al., 1982) and they can act as monomers 
or as multimeric complexes (Choi et al., 2014) (Figures 2 and 3). In plants, there are three major E3 types, grouped 
based on subunit composition and mechanism of action. The main types are: (i) Homology to E6AP C Terminus 
(HECT), (ii) monomeric Real Interesting New Gene (RING)/U-Box, and (iii) cullin (CUL)-based E3 ligases. Four major 
E3 ligase families are known in plants that contain either a CUL (CUL1, 3, or 4) or a CUL-like protein ANAPHASE-
PROMOTING COMPLEX2 (APC2). They are known as: (i) CUL1-based E3s (CRL1) or SCF, (ii) CUL3–RING E3s (CRL3) 
or CUL3-RBX1-BTB/POZ (for CUL3, RBX1, Broad complex, Tramtrack, Bric-a-brac/Pox virus and Zinc finger) , (iii) 
CUL4-based E3s (CRL4; CUL4–RING E3 ligase), and (iv) APC/cyclosome (APC/C) (Figure 3). 
3.1.2.1. Monomeric E3 ligases 
Unlike the other types of E3s, HECT and RING/U-box E3s acts as monomers, without the help of additional 
substrate adaptor proteins. HECT E3s belongs to a small gene family in Arabidopsis (7 members; Downes et al., 
2003), that have been named UBIQUITIN-PROTEIN LIGASE (UPL) 1 to UPL7. 
Although HECT represents a small family of E3s, nowadays there is only functional descriptions for a few 




among the family, and variable regions that add up to molecular weights greater than 100kDa (Huibregtse et al., 
1995; Schwarz et al., 1998). The most striking feature about HECT E3s is the unique ubiquitynation mechanism, 
characterized by the formation of an Ub-HECT intermediate (thiol-ester linkage), previous to the Ub transfer to the 
target protein (Scheffner et al., 1995) (Figure 2).  
Table 1. Examples of monomeric E3 ligases from plants (modified from Chen & Hellmann, 2013). 
TYPE NAME AGI CODE PROPOSED FUNCTION REFERENCES 
HECT UPL1 At1g55860 Unknown 
Bates & Vierstra, 1999; 
Downes et al., 2003 
HECT UPL3 At4g38600 
Endoreduplication cycles in trichomes; GA 
signaling 
Perazza et al., 1999;  
Downes et al., 2003 
HECT UPL5 At4g12570 Leaf senescence Miao & Zentgraf, 2010 
RING Rma1H1 At4g03510 Tolerances for water/drought/salt 
Lee et al., 2009;  
Seo et al., 2012b 
RING XBAT32 At5g57740 Ethylene signaling Lyzenga et al., 2012 
RING RGLG1 AT3G01650 Water Cheng et al., 2012 
RING DIS1 (Oryza sativa) Drought Ning et al., 2011 
RING SIE3 (Lotus japonicas) Nodule organogenesis Yuan et al., 2012 
RING WAV3 At2g22680 
Root gravitropism, root growth and blue-light 
phototropic responses 
Sakai et al., 2012 
RING LOG2 AT3G09770 Metabolic processes Pratelli et al., 2012 
U-box CHIP At3g07370 Low- or high-temperature stress 
Yan et al., 2003; Shen et al., 
2007a; Shen et al., 2007b 








At1g20780 Senescence process Rabb et al., 2009 
U-box PUB13 At3g46510 
SA-dependent defense signaling and 
floweringtime regulation 
Li et al., 2012 
 
In contrast, monomeric RING-finger E3s simultaneously bind an E2 and a target protein, facilitating Ub 
transfer from the Ub-E2 intermediate to a substrate (Figure 2). E2-binding capacity displayed by RING-finger E3s is 




binding of two zinc ions). In Arabidopsis, more than 469 proteins are being assigned as RING type (Stone et al., 
2005), and even if most are likely E3s, few display roles as part of multimeric E3 complexes (e.g. RBX1; see 3.1.2.2. 
CUL-based E3 ligases; Stone et al., 2005).  
 
The last class of monomeric E3s are the U-box or PUB E3s (Figure 2). They harbor a ~70aa U-box motif, 
that differs from the RING in the absence of the zinc-chelating Cys and His residues (Ohi et al., 2003). Approximately 
64 Arabidopsis proteins are being annotated as members of the U-box family, and they appear to be widely 
involved in stress-related responses (Table 1). 
3.1.2.2. CUL-based E3 ligases 
In plants, the highest diversity among E3s is found in the CUL-based E3 ligases. The CUL protein act as 
scaffolding and central subunit recruiting a RING-finger protein at its C-terminal region, and a substrate adapter 
protein at its N-terminal part.  
CUL3-based E3s, better known as CUL3-RBX1-BTB/POZ, are a large class of CRLs, characterized by an 
ensemble between CUL3 (CUL3a or CUL3b; Weber et al., 2005), RBX1 and a substrate adaptor BTB/POZ protein 
(80 annotated members in Arabidopsis; Gingerich et al., 2005). The BTB/POZ fold is required to interact with CUL3 
and, by means of the direct interaction, bring target proteins to the CUL3-RBX1 core (Figueroa et al., 2005; 
Gingerich et al., 2005; Weber et al., 2005; Yoshida et al., 2005; Dieterle et al., 2005; Zhuang et al., 2009) (Figure 
3). Noteworthy are the CUL3-RBX1-BTB/POZ E3s implications in the phytohormone regulation and pathogen 
responses, that are being described by dissecting BTB/POZ substrate adaptors individual roles (Wang et al., 2004a; 
Fu et al., 2012; Shi et al., 2012; Pajerowska-Mukhtar et al., 2013; Spoel et al., 2009) (Table 2). 
Recently, the CRL4 complexes were described as conserved E3s among diverse organisms (Biedermann & 
Hellmann, 2011), in which RBX1 and DNA DAMAGED BINDING PROTEIN 1 (DDB1) binds to CUL4 C-terminal and N-
terminal regions, respectively. DDB1 (125kDa) helps binding substrate adaptors to the E3 core (Angers et al., 2006; 
Bernhardt et al., 2006; Lee et al., 2008), sometimes by means of interactions with the so called DDB1 CUL4 
ASSOCIATED FACTORS (DCAF) (Biedermann and Hellmann, 2011). Some DCAF proteins are characterized by 
multiple WD40 repeats and a conserved 16-17aa sequence called DDB1 BINDING WD40 (DWD)-box (Lee et al., 











U-boxFigure 2. Monomeric E3 Ub ligases. Schematic
representation of the organization of (A) HECT,
(B) Ring, and (C) U-box E3s, in association with a





exception. Since its description in plants, CRL4 E3s are being reported as key factors in abiotic stress responses, 
DNA repair, flowering, phytohormone signaling and photomorphogenesis, among others (Table 2).  
Table 2. Examples of CUL-based E3 ligases from plants (modified from Choi et al., 2014). 
TYPE NAME AGI CODE PROPOSED FUNCTION REFERENCES 
CRL3 
 
ARIA  At5g19330  ABA signaling 
Kim et al., 2004;  






ABA signaling, ABA-stomatal response, Drought 
response, wounding response, senescence, 
ethylene signaling, cytokinin signaling, fatty 
acid biosynthesis, seed development 
Lechner et al., 2011;  
Weber et al., 2005;  
Weber & Hellmann, 2005; 





Ethylene biosynthesis  Wang et al., 2004a; 
Christians et al., 2009 
ETO1  At3g51770  Ethylene biosynthesis 
NPH3  At5g64330  
Blue light-dependent bending, blue light 
regulation 
Pedmale & Liscum, 2007; 







Basal and SA-dependent pathogen response; 
cellular redox potential; effector triggered 
immunity 
Spoel et al., 2009;  
Fu et al., 2012;  
Zhang et al., 2006 
SR1IP1  At5g67385  Calcium signaling, pathogen response  Zhang et al., 2014 
CRL4 





Photomorphogenesis, flowering time, UV-
induced morphogenesis 
Chen et al., 2010; Huang et 
al., 2013b; Jang et al., 2008; 
Lau & Deng, 2009; 
DDB2  AT5G58760  NER, UV- sensitivity  
Biedermann & Hellmann 
2010; Molinier et al., 2008 
DET1  AT4G10180  
Photomorphogenesis, circadian rhythm, DNA 
repair  
Schroeder  et al., 2002; 






ABA signaling, salt tolerance  
Lee  et al., 2010;  
Lee  et al., 2011 
PRL1 AT4G15900  
ABA signaling, cytokinin signaling, sugar 
sensitivity 
Lee  et al., 2008;  





Photomorphogenesis, flowering time, UV-
induced morphogenesis 
Chen  et al., 2010;  
Huang  et al., 2013b;  
Zhu  et al., 2008 
TRIP1/eIF3i  AT2G46280  Brassinosteroid signaling  
Jiang & Clouse, 2001;  










Leaf epidermal development, vascular vein 
development, shoot development, ploidy 
Marrocco  et al., 2009; 





Ploidy, root meristem, pathogen response  
Vanstraelen  et al., 2009; 
 Lammens  et al., 2008 
CDC20.1 At4g33270 Cell cycle regulation Kevei  et al., 2011 
CDC27a  At3g16320  Gametogenesis, embryogenesis  
Blilou  et al., 2002;  
Perez-Perez  et al., 2008 
HBT  At2g20000  
Gametogenesis, embryogenesis, auxin 
insensitivity, ploidy  
Blilou  et al., 2002;  
Perez-Perez  et al., 2008 
OsMOC1  Q84MM9  Tillering control  Xu  et al., 2012 




Table 2. (Continued) 




JA signaling, pathogen response, wounding, 
pollen fertility 
Xie  et al., 1998; Feys  et al., 
1994; Thines  et al., 2007 





Ethylene signaling, Guo & Ecker 2003; 
Potuschak et al 2003; 
Binder  et al., 2007 
EDL3 At3g63030 
ABA signaling, seed germination, flowering 
time, root development, osmotic stress 




Dieterle  et al., 2001; 






Alonso  et al., 1999;  
Qiao  et al., 2009 
FBL17 At3g54650 Cell cycle regulation, gametogenesis 
Gusti  et al., 2009;  





Blue light response, flowering time, 
photomorphogenesis, 
Sawa  et al., 2007;  
Ito  et al.,. 2012 
MAX2  At2g42620  
ABA signaling, ABA-stomatal response, drought 
tolerance, osmotic stress, strigolactone 
signaling, lateral shoot branching 
Bu  et al., 2014;  





Auxin signaling, pathogen response  
Austin  et al., 2002; 
Azevedo  et al., 2002;  





Cell cycle regulation, auxin  
del Pozo  et al., 2002a; 
Jurado  et al., 2010;  





GA signaling  
Strader  et al., 2004; 
Ariizumi  et al., 2011 
TIR1 At3g62980 
Auxin signaling, root development, shoot 
growth, embryogenesis, drought tolerance, 
nitric oxide production 
Gray  et al., 1999; 
Dharmasirii  et al., 2005b; 
Gray  et al., 2001; 






UFO  At1g30950  
Flower organogenesis, floral meristem 
development 
Levin & Meyerowitz, 1995; 
Chae  et al., 2008 
ZTL At5g57360 
Blue light response, flowering time, 
photomorphogenesis, circadian rhythm 
Kiba  et al., 2007;  
Ito  et al., 2012 
 
Arabidopsis APC2 shares homology to CUL proteins and act as scaffold in the APC/C E3 complexes, the 
bigger E3s in size so far described in the plant kingdom. APC/C comprise at least 11 core subunits (Capron et al., 
2003a), from which APC2 and APC11 (similar to RBX1; Gieffers et al., 2001; Zhang et al., 2013) acts as catalytic 
subunits in Ub-E2 intermediate binding, target protein recognition and Ub transfer to the substrate (Zhang et al. 
2013) (Figure 3). Studies on plant APC/C E3s indicated that subunits 1, 4, 5, 6, and 8 help as scaffolding moieties, 
while APC3 and APC7 contribute in binding of APC10, that together with APC2, are involved in target binding (Van 
Leene et al., 2010; Zhang et al., 2013). It is worth noting that, for the full action of the E3 complex, extra co-




CELL DIVISION CYCLE20/FIZZY (CDC20/FZ) and CDC20 HOMOLOG1/FIZZY-RELATED (CDH1/FZR), are being 
described as co-activators (Capron et al., 2003b; Vodermaier et al., 2003; Fulop et al., 2005; da Fonseca et al., 
2011). Processes related with the biological relevance of APC/C complexes are the control of the auxin sensing, 
cell cycle and ploidy (Table 2).   
 
Finally, the best-described and diverse CRL E3s are the CUL1-based E3s, better known as SCF complexes, 
characterized by an assemble of at least four polypeptides, as follow: CUL1 with RBX1 (or ROC1 and HRT1; RING 
H2–type domain protein), that employs SKP1-like and F-box proteins as substrate adaptors (Craig & Tyers, 1999; 
Gagne et al., 2002; Gray et al., 2002) (Figure 3). Alike in the above mentioned CRL E3 complexes, CUL1 displays a 
scaffolding performance, binding the substrate adaptor complex, and the RBX1/Ub-E2 complex, at its N- and C-
terminal regions, respectively. By this means, CUL1 brings the F-box and the Ub-E2 intermediate into close physical 
proximity to enable Ub transfer to a target protein (Zheng et al., 2002b). In a broad view, CUL1-RBX1-ARABIDOPSIS 
SKIP (ASK) subcomplex provides Ub-transferase activity and the F-Box proteins confer target specificity (Deshaies 
et al., 1999). 
In contrast with the only two CUL1-like (CUL1 and CUL1b) and two RBX1 codified by the Arabidopsis genome, 21 
ASK-like proteins and 692 F-box proteins are being predicted (Gagne et al., 2002; Xu et al., 2009). In other plant 
species like Oryza sativa, Populus trichocarpa and Vitis vinifera, 779, 337 (Xu et al., 2009), and 156 (Yang et al., 
2008) F-box genes were identified, respectively.  
Typically, ASKs interacts with CUL1 via an N-terminal domain (125aa), similar to the BTB/POZ (Schulman et 
al., 2000), while the F-box proteins interact with both the ASKs and CUL1 via it characteristic F-box motif (at the N-
terminal region) (Schulman et al., 2000). Located a t the C-termini of the F-box proteins, several protein-protein 
interaction motifs can be found, that presumably identifies specific target proteins (Gagne et al., 2002). Worth 
notice that, extra post-translational modifications (e.g. phosphorylation) over the substrate may be required for 


























Figure 3. CUL-based E3 ligases. Schematic representation of the organization of (A) BTB/POZ-CUL3-RBX, (B) CRL4, (C) APC/C,















According to reiterative BLAST searches of the Arabidopsis genome, using as queries a group of F-box 
proteins from diverse and distant organisms (yeast, animals and plants), Gagne and collaborators (2002) 
established a collection of putative Arabidopsis FBX loci (from F-Box). The predicted F-box proteins are 
characterized by a long region C-terminal to the F-box motif, with a wide array of protein-protein interaction 
domains, presumably involved in target protein recognition. The most ample F-box types (or subfamilies) are those 
harboring leucine-rich (LRR) or Kelch repeats, however, WD-40, Armadillo (Arm) and tetratricopeptide (TPR) 
repeats, and Tub, actin, DEAD-like helicase, and jumonji (Jmj)-C domains, can be found. Approximately, 202 F-box 
proteins contain the 20-29aa LRR motifs, with positionally conserved leucines or other aliphatic residues. For 
example, the biologically relevant and very well known TRANSPORT INHIBITOR RESPONSE 1 (TIR1) and 
CORONATINE INSENSITIVE 1 (COI1) F-box proteins (see Table 2), matched a LRR consensus sequences when using 
the SMART (Simple Modular Architecture research Tool) tool (Gagne et al., 2002), however, most the Arabidopsis 
predicted F-box proteins were found to contain a plant-specific derivative of the cysteine-containing LRR (Gagne 
et al., 2002). 
In plants, a very interesting F-box subfamily is constituted by the F-box Kelch proteins (FBKs), that contains 
from one to five kelch repeats, C-terminal to the N-terminal F-box motif. FBKs represent a distinctive class of F-box 
proteins in plants, since only one FBK has been functionally described in humans (Sun et al., 2009), and its 
occurrence as an uncommon event in non-plant organisms. In contrast, kelch repeat containing proteins (without 
a F-box motif) are wide spread and have been described in Arabidopsis (Leung et al., 2004; Mora-García et al., 
2004) as well as in distant non-plant organisms like Drosophila melanogaster, Caenorhabditis elegans, 
Schizosaccharomyces pombe and Homo sapiens sapiens (Prag & Adams, 2003). 
The potential protein-protein interaction domain, formed by the kelch repeats in the FBKs, more likely 
displays a tertiary β-propeller structure, as predicted by Andrade and collaborators (2001), based on molecular 
modelling according with the kealch-repeats-containing galactose oxidase crystal structure (Andrade et al., 2001). 
Supporting this prediction, the crystal structure of the human kelch protein KEAP1 (Kelch-like ECH-associated 
protein 1 regulator), form a β-propeller structure (Li et al., 2004).  
Arabidopsis genome codes for approximately 100 FBKs (Gagne et al., 2002), most of which are not been 
functionally characterized. Some examples are being related with flowering and circadian rhythms in Arabidopsis, 
like the putative flavin-containing photoreceptors FLAVIN-BINDING KELCH-REPEAT F-BOX1 (FKF1), LOV KELCH 
PROTEIN2 (LKP2) and ZEITLUPE (ZTL), and with the positive regulation of the phytochrome A-mediated light 




3.1.2.3. Regulation of CUL-based E3 ligases 
The regulation of the CRL E3s (except for APC/C) is represented by loosely associations with some 
accessory factors, which are affecting the assembly and/or activity of the CRL core subunits. CUL subunit 
activation/deactivation is a key step in the dynamic regulation of CRLs, and is driven by a single RUB (Related to 
Ubiquitin)/NEDD8 conjugation/de-conjugation process (del Pozo et al., 2002b; Gray et al., 2002; Dharmasiri et al., 
2003, 2007). Boh and collaborators (2011), has indicated that a rapprochement occurs between CUL and a bound 
substrate (requirement for ubiquitination), as a result of RUB attachment to a CUL C-terminal region Lys residue 
(del Pozo & Estelle, 1999) (Boh et al., 2011). RUB modification is de-conjugated by the COP9 signalosome (CSN), a 
protein complex that comprises eight subunits and resembles the 19S lid of the 26S proteasome (Dohmann et al., 
2005; Stuttmann et al., 2009). Another regulatory factor is CULLIN ASSOCIATED AND NEDDYLATION DISSOCIATED 
1 (CAND1) that interacts with unmodified CUL (Zhang et al., 2008a; Helmstaedt et al., 2011), preventing CUL 
binding with substrate adaptors as well as a RUB modification (Duda et al., 2011). Therefore, RUB conjugation 
enables assembly of target-loaded substrate adaptor modules to the CUL-RBX1 core for target ubiquitination. 
Afterwards, RUB deconjugation by CSN complexes allows binding of CAND1 to CUL proteins, triggering 
dissamsembly of CRL complex and release of substrate adaptor modules that can, subsequently, interact with new 
targets. 
3.2. PHOSPHATE STARVATION IN PLANTS 
 
P is an essential element for life as it is a structural component of nucleic acids, membrane lipids, energy 
metabolites or activated intermediates in the photosynthetic carbon cycle and throughout primary metabolism. Pi 
also plays a crucial role in signal transduction cascades (Poirier & Bucher, 2002). Pi is a macronutrient for plants 
and its availability limits plant growth and development in many soils throughout different climatic zones 
(Marschner, 1995; Raghothama, 1999; Lynch, 2011). Low bioavailability of Pi is mainly due to its propensity to form 
sparingly soluble salts with oxides/hydroxides of aluminum and iron in acidic soils and with calcium and magnesium 
in alkaline soils (Marschner, 1995; Raghothama, 1999; Poirier & Bucher, 2002). Pi-fertilizers are supplied in large 
amounts to increase or maintain crop yields, but minable global P-resources are non-renewable and finite. Broader 
awareness of this alarming situation was generated when in 2008-2009 Pi-fertilizer prices spiked and some reports 
(Cordell et al., 2009; Vaccari, 2009) forecasted that the production of Pi-fertilizers will peak as early as 2030, and 
insufficient P-availability might thus lead to increased famine among a rising global human population. Although 
other reports (Fixen & Johnston, 2012; Van Kauwenbergh et al., 2013) assume that global P-reserves last for 




farmers/producers world-wide. Hence it is important, if not crucial, to (i) understand how plants sense, signal, 
respond to and cope with Pi-limitation, (ii) determine what genes and molecular mechanisms are involved, and (iii) 
apply generated knowledge to improve Pi-efficiency in agricultural production systems, and thus maintain food 
security as well as reduce environmental damage caused by Pi-fertilizer application (Scheible & Rojas-Triana, 2015). 
 
3.2.1. The plant phosphate starvation response 
To cope with growth under a low Pi supply, plants count on a battery of morphological, physiological, 
metabolic, biochemical and molecular changes collectively called the PSR and aiming at improved Pi-acquisition, 
sensible Pi-reallocation and remobilization, and thus increased Pi-efficiency (Figure 4). Plants usually increase their 
root/shoot ratio when P becomes limiting, by reducing shoot growth more than root growth. Sometimes root 
growth is maintained or even stimulated, and especially the number and length of lateral roots and root hairs 
increase, while primary root growth becomes inhibited, although not necessarily in all plant species or cultivars 
(Chevalier et al., 2003). During Pi-limitation plants also produce special roots, such as proteoid (cluster) roots 
(Lambers et al., 2011), establish connections to fungal hyphae networks (arbuscular mycorrhizae, AM) (Bucher, 
2007; Smith et al., 2011), or produce more shallow roots to improve Pi-acquisition from Pi-rich top-soil (Lynch & 
Brown, 2001; Zhu et al., 2005). Such developmental strategies increase the root surface, root-soil contact and thus 
help to more efficiently explore/mine the soil for Pi (Bates & Lynch, 2001; Williamson et al., 2001; Lambers et al., 
2011; Lynch, 2011). 
At the physiological and biochemical levels plants increase their capacity for Pi uptake, transport and 
translocation by induction of high-affinity Pi transporters and stimulation of production and secretion of organic 
anions, such as malate and citrate, into the soil and the apoplastic space (Raghothama, 1999) to solubilize 
otherwise insoluble phosphates. Similarly, the production and secretion of acid phosphatases, 
phosphodiesterases, nucleases and ribonucleases (Taylor et al., 1993; Bariola et al., 1994) help to liberate, 
scavenge and recycle Pi from organic matter in the soil and inside the plant (Li et al., 2002; Hurley et al., 2010). 
Nucleic acids (especially ribosomal RNA), membrane phospholipids and major phosphorylated metabolites (e.g. 
glucose 6-phosphate or fructose 6-phosphate) represent the bulk of organically bound P in plant cells (Chapin & 
Bieleski, 1982; Lambers et al., 2011; Plaxton & Tran, 2011). Plants control these P pools tightly and increase 
recycling/remobilization of Pi from these pools during Pi-limitation. Membrane phospholipids are degraded during 
Pi-limitation and replaced by sulfolipids and galactolipids in Arabidopsis and other plant species (Nakamura, 2013). 




Other biochemical and metabolic responses of plants to Pi-limitation comprise the use of alternative, Pi- 
and adenylate-saving metabolic pathways such as for cytosolic glycolysis and mitochondrial electron transport 
(Plaxton & Tran, 2011), the accumulation of sugars, starch or many amino acids (Morcuende et al., 2007; Hammond 
& White, 2008; Pant et al., 2014). Similar to green algae, plants like Arabidopsis also accumulate triacylglycerides, 
i.e. storage lipids, during P-limitation (Pant, Burgos & Scheible, personal communication). Furthermore, reduction 
of photosynthesis (Fredeen et al., 1989; Wissuwa et al., 2005) and protein synthesis (Israel et al., 1990; Morcuende 
et al., 2007) and reduced levels of many phosphorylated metabolites were reported in Pi-limited plants, while 
secondary metabolites, including glucosinolates and phenylpropanoids (anthocyanin) may increase (Pant et al., 
2014). In general, the effect of P-limitation on the plant metabolome is quite pronounced. 
 
At the gene level plants respond to Pi-limitation by major changes in gene expression. Hundreds to 
thousands gene transcripts are induced or repressed in response to Pi-limitation in a spatial and temporal manner 
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Figure 4. Adaptive PSRs in higher
plants. Plants have evolved a wide
range of adaptations resulting in
expansion of the soil exploration
capacity (e.g. root system
architecture (RSA) changes),
ensuring the Pi uptake (e.g.
secretion of phytases and organic
acids (OA)), transport (e.g. up-
regulation of high-affinity Pi
transporters) and translocation (e.g.
production of acid phosphatases
and RNases), and the protection of
the plant metabolism from the Pi-
starvation deleterious effects (e.g.
storage and accumulation of
secondary metabolites such as
anthocyanins). The systemic signals
behind the PSRs are delivered from
the root and shoot tissues through
the xylem (red arrowheads) and
phloem (yellow arrowheads)
streams, respectively. LR, lateral
root; RH, root hair; PR, primary





(see 3.2.2.1. Transcriptional control of Pi-starvation responses; Misson et al., 2005; Morcuende et al., 2007; Secco 
et al., 2013) 
3.2.1.1. The phenylpropanoid pathway 
A severe drop in intracellular Pi levels provokes harmful effects, such as a reduction in photosynthetic 
capacity (e.g. photoinhibition), that can be alleviated by increased biosynthesis of anthocyanins and other 
photoprotective pigments (Takahashi et al., 1991; Trull et al., 1997; Nilsson et al., 2007) (Figure 5). 
 
Anthocyanins are water-soluble vacuolar flavonoids, synthesized via the phenylpropanoid pathway, in 
which the essential aa L-phenylalanine (L-Phe) is converted into various aromatic compounds, together called 
(poly) phenolics (often known as phenylpropanoids). In plants, they are being categorized into benenoids, 
coumarins, flavonoids, stilbenes, hydroxycinnamates, lignans, and the macromolecule lignin, that all together sum 
up to more than 800 aromatic metabolites (Vogt, 2010; Fraser & Chapple, 2011). 
The general phenylpropanoid pathway is originally connected to the aromatic amino acids production from 
the central carbon metabolism, which takes place in the so called shikimate pathway (Figure 6-A). The L-Phe from 
the primary metabolic pool, is used to synthetized trans-cinnamic acid (t-CA), by the entry-point enzyme of the 
phenylpropanoid pathway, Phenylalanine ammonia-lyase (PAL). PAL catalyzes the non-oxidative elimination of 
ammonia from L-Phe to yield t-CA (Cochrane et al., 2004) (Figure 6-B). The t-CA produced by PAL, is further 
transformed into several phenylpropanoids (Bate et al., 1994; Cochrane et al., 2004) (Figure 6-A). In plants, PAL 
acts as a 275-330kDa enzyme, with multiple tetrameric forms that indicates PAL ability to form heterotetramers 
(Havir & Hanson, 1973; Zimmermann & Hahlbrock, 1975; Appert et al., 1994; Bolwell et al., 1985). The three 
dimensional reconstructions of PAL, shows PAL as a helix-containing protein with a mobile N-terminal extension 
and a specific shielding domain sited over the active center (Calabrese et al., 2004; Ritter & Schulz, 2004). PAL 
proteins are encoded by a multi-gene family, fluctuating from four members described in Arabidopsis (PAL1-PAL4), 
to more than a dozen in potato and tomato (Chang et al., 2008). PAL have long been known to be regulated in 
response to environmental stresses and to developmental cues (Dixon and Paiva, 1995; Anterola et al., 2002; 
Pawlak-Sprada et al., 2011). PAL differentially respond to environmental stresses and PAL genes have functional 
specialization in environmentally caused phenolic synthesis. For example, nitrogen (N) limitation particularly 
WT
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Figure 5. Anthocyanin accumulation in response to Pi starvation. Arabidopsis
seedlings accumulate anthocyanins in the shoot, in response to Pi starvation, which





induces PAL1-2 expression, and together with the presumable induction of the downstream phenylpropanoid–
flavonoid biosynthetic genes, it increases the accumulation of anthocyanins, flavonoids (kaempferol and 
quercetin), and sinapic acid (Olsen et al., 2008). 
 
PAL promoter regions typically contain multiple cis-regulatory elements, in particular MYB TFs binding sites 
like the AC-rich motifs (AC-I, ACCTACC; AC-II, ACCAACC; and AC-III, ACCTAAC) (Yang  et al., 2001; Rohde  et al., 
Figure 6. The phenylalanine derived secondary metabolite biosynthesis in plants. (A) Deamination of L-phenylalanine (L-
Phe) by L-phenylalanine ammonia-lyase (PAL). (B) L-Phe derived major phenolic secondary mebolite biosynthesis in plants.
Arrow indicates enzymatic reaction, circle indicates metabolite. Ferulic acid and sinapic acid are highlighted, as well as the
precursor caffeic acid. Figure modified from Tohge et al., 2013 and Zhang et al., 2015. Abbreviations:
C4H, cinnamate-4-hydroxylase;






HCT, hydroxycinnamoyl-Coenzyme A shikimate/quinate
hydroxycinnamoyltransferase;
CCoAOMT, caffeoyl/CoA-3-O-metheltransferase;























































2004). MYB R2R3 TFs like AmMYB305 (from Antirrhinum majus) and NtMYBAS1/2 (from Nicotiana tabacum) are 
known to control PAL expression in a tissue specific manner (Martin & Paz-Ares, 1997; Sablowski et al., 1994; Yang 
et al., 2001). Moreover, in Arabidopsis is been documented that MYB58, MYB63 and MYB85 are specifically 
involved in regulating lignin biosynthesis (Zhou et al., 2009), however wether these TFs can directly target PAL 
expression is still unknown. 
In addition to the MYB TFs, KNOX family of TFs, which function in maintaining cells in an indeterminate 
state (Tsiantis, 2001), also affect PAL expression. Mutations in the KNOX gene BREVIPEDICELLUS (BP) upregulate 
the expression of Arabidopsis PAL1 and other enzymes from the phenylpropanoid pathway, and cause premature 
lignification of the vasculature (Mele et al., 2003), suggesting a negative regultation of PAL expression driven by 
KNOX. Furthermore, LIM domain-containing proteins bind the AC-rich motif and positively regulate PAL gene 
expression (Kawaoka et al., 2000; Kawaoka & Ebinuma, 2001). 
Separately from transcriptional regulation, PAL and phenylpropanoid biosynthetic activity seem to be 
regulated by particular biosynthetic intermediates (Figure 6-A), indicating a metabolite feedback regulation (for 
review see Zhang et al., 2015). The feedback regulation is not only triggered by the immediate product of PAL, t-
CA (Lamb, 1979; Bolwell et al., 1986; see Figure 6-B), but also by intermediates from branch pathways. Some 
known molecular regulators are: trans-cinnamate (Blount et al., 2000), caffeic acid (in Glycine max) (Bubna et al., 
2011), flavonols (Yin et al., 2012), etc. (Figure 6-A). 
In summary, the regulation of the phenylpropanoid pathway, and in particular of PAL, seem to be driven 
by multifaceted regulatory mechanisms, namely, transcriptional regulation, product inhibition, metabolite 
feedback regulation, among others (Zhang et al., 2015). This noticeable complexity, responds to the wide range of 
physiological functions dependent on the aromatic compounds, which are essential for development, growth and 
response to biotic and abiotic stimuli. For instance, soluble phenolics act as anti-pathogenic phytoalexins, 
antioxidants, or UV absorbing compounds (Dixon and Paiva, 1995). Moreover, lignin is a structural constituent 
placed in the vasculature, and gives mechanical support and produces a hydrophobic environment that is 
important for transporting water and nutrients in plants (Whetten & Sederoff, 1995; Vanholme et al., 2010). 
 
3.2.2. Regulation of the phosphate starvation response in plants 
To coordinate all of the PSRs, plants require a Pi-monitoring system that involves the perception and 
integration of information on local and whole-plant Pi (reviewed in Franco-Zorrilla et al., 2004; Ticconi & Abel 2004: 




nature of Pi sensor(s) is unknown, many components of the Pi-starvation signaling pathway have been identified 
during the last decade. These regulatory components act at the transcriptional or posttranscriptional level to 
maintain plant Pi homeostasis and adequate responses to low Pi stress conditions (Figure 7). 
3.2.2.1. Transcriptional control of Pi-starvation responses 
Transcriptional control of the so-called Pi-starvation responsive genes (PSR genes) greatly underlies the 
adaptive response program of plants to Pi-deficiency. According to this idea, early studies showed that expression 
of many genes involved in the control of the Pi starvation rescue system increases under Pi-deficient conditions 
(reviewed in Franco-Zorrilla et al., 2004). Among these are genes involved in Pi transport, breakdown of Pi-
containing molecules (e.g. nucleases, ribonucleases, phosphoesterases, phosphatases), photosynthesis, 
respiration, aa and lipid metabolism, as well as regulatory genes involved in signaling events, including genes 
encoding transcriptional regulators (TRs), microRNAs (miRs), components of the UPS for targeted protein 
degradation, genes involved in growth and development and genes of yet unknown function. 
Subsequent expression profiling studies have further supported the complexity of the transcriptional 
control network underlying PSRs, which may be composed of at least two or more transcriptional programs, that 
responds to the gradual development of Pi-starvation upon Pi withdrawal (i.e. early and late PSRs; Hammond et 
al., 2003; Wu  et al., 2003). Early responsive genes include many related to signal transduction events (e.g. TRs, 
miRs, MAP kinases, protein kinases), general stress-related genes (e.g. cytochrome P450s, glutathione S-
transferase), genes encoding Pi transporters, SPX-domain proteins, acid phosphatases and ribonucleases, and even 
cell wall-related genes. Late responsive genes are rather related to primary carbon metabolism, secondary 
metabolism, photosynthesis, protein synthesis or hormone synthesis/signaling. These studies have also shown that 
the over-all change in gene expression is conserved between distant higher plants, such as rice and Arabidopsis 
(Wasaki et al., 2003). In this regard, genome-wide transcriptional analyses have been used for monitoring the 
short-, medium- and long-term transcriptional responses of plants (mainly Arabidopsis) to Pi starvation, and the 
Pi-specificity of the corresponding transcriptional changes, using different Pi re-supply experimental designs 
(Misson  et al., 2005; Morcuende  et al., 2007; Muller  et al., 2007 ; Lan  et al., 2012). Additionally, distinction 
among groups of genes that are controlled by Pi deprivation either locally or systemically (i.e. long-distance 
responsive genes) was observed by means of “split root” techniques and transcriptomic assays (Thibaud et al., 
2010). Recently, Bustos et al. (2010) contributed to the overall panorama by performing an organ (roots and 
shoots)- specific transcriptomic analysis under long-term Pi-deficiency conditions in Arabidopsis wild-type (WT) 




functionally redundant homolog PHL1 in the control of transcriptional activation and repression of the PSRs in 
Arabidopsis.  
The MYB-type TFs PHR1 and PHL1, together with their homolog proteins in rice (OsPHR2) and wild bean 
(Phaseolus; Fabaceae; PvPHR1) belong to the MYB-Coiled Coil (MYBCC) family of TFs (Wykoff  et al., 1999; Rubio  
et al., 2001; Valdes-López  et al., 2008; Zhou  et al., 2008; Bustos  et al., 2010), and are arguably the most influential 
TR of PSRs described in plants so far (Rubio  et al., 2001) (Figure 7). PHR1 expression is constitutive, i.e. unaffected 
by Pi-status, but post-translational regulation through the SUMO E3 ligase SIZ1 probably modulates its activity in 
response to Pi-limitation (Miura et al., 2005; see 3.2.2.2.1. Sumoylation).  
PHR1 was identified in a screen for mutants displaying altered PSRs. Thus, phr1 mutants grown in low Pi 
conditions showed reduced expression of PSR genes, decreased accumulation of anthocyanins, and a reduced 
root/shoot ratio relative to WT plants. In addition, phr1 mutants displayed lower levels of Pi content in shoots 
under all Pi regimens (Rubio et al., 2001). Bustos et al. (2010) showed that these defects are enhanced in phr1/phl1 
double mutants, where up to 80% and 60% of the Pi starvation-inducible genes in shoots and roots, respectively, 
display lower levels of expression compared to WT plants under –Pi conditions. Such major control in gene 
expression activation is in part exerted directly, as indicated by the fact that promoters of Pi starvation-induced 
genes are enriched in PHR1-binding sequences (P1BS), and by induction of PSR genes upon activation of a PHR1:GR 
fusion protein upon treatment with dexamethasone, even when protein translation is inhibited with cycloheximide 
(Bustos  et al., 2010). Interestingly, PHR1/PHL1 direct targets include the majority of the genes that are systemically 
controlled by low Pi, as was shown by Thibaud et al., (2010). Moreover, PHR1 overexpression was reported to 
enhance phosphate uptake in Arabidopsis (Nilsson et al., 2007) probably due to increased expression of miR399 
and reduced PHOSPHATE2 (PHO2) activity (see 3.2.2.2.3. miRNA-mediated long-distance Pi signaling and target 
mimicry and 3.2.2.2.4.4. Ubiquitination pathway components controlling Pi homeostasis), and similar results were 
also obtained in rice (Zhou et al., 2008). Overexpression of PHR1 in wheat also resulted in the up-regulation of a 
subset of PSI genes, improved Pi uptake and promoted wheat growth and grain yield (Wang et al., 2013a). Targeting 
PHR1 thus appears as a useful approach for molecular breeding of plants with more efficient Pi uptake/assimilation 
and increased yield. More recent results also established that AtPHR1 exerts major control over the P-starvation 
metabolome (Pant et al., 2014) and lipid remodeling, i.e. degradation of phospholipids and synthesis of glyco-
/sulfolipids, during P-limitation (Pant, Burgos and Scheible, personal communication).  
Additional proteins belonging to different TF families also act as regulators of PSR gene expression, 
although to a lesser extent than PHR1/PHL1 family members (Figure 7) (recently reviewed in Scheible & Rojas-




AtWRKY6 and AtWRKY42 (Chen et al., 2009), AtWRKY45 (Wang et al., 2014b), BHLH32 (Chen et al., 2007), ZAT6 
(Devaiah  et al., 2007b), AtMYB62 (Devaiah et al., 2009), AtMYB2 (Baek et al., 2013), AtHRS1 (Liu et al., 2009), 
OsARF16 (Shen et al., 2013), OsARF12 (Wang et al., 2014), OsPTF1 (Yi et al., 2005), OsMYB2P-1 (Dai et al., 2012).  
Chromatin remodeling is another scenario that appears to be important during Pi-starvation signaling, via 
transcriptional regulation (reviewed in Scheible & Rojas-Triana, 2015). Some examples are: ARP6 (Smith et al., 
2009), NAP1;2 (Iglesias et al., 2013) and AL6 (Chandrika et al., 2013). 
Several proteomic studies performed in different plant species indicate that there is a high correlation 
between transcriptional changes that occur in response to Pi deprivation, and variations in the abundance of the 
corresponding proteins (Li et al., 2007; Tran & Plaxton, 2008; Chevalier & Rossignol, 2011; Lan et al., 2012; Iglesias 
et al., 2013). Such correlation is more evident in the case of genes that are highly upregulated in response to low 
Pi. However, in a significant number of cases, protein levels did not match gene expression variation, especially in 
the case of proteins whose abundance is reduced under Pi deprivation (Lan et al., 2012). These discordances 














































Figure 7. Regulatory elements
relevant to PSR. Typical PSRs are
controlled transcriptionally and
post-transcriptionally by an
increasingly complex network of
local/systemic signals and
effectors. The MYB-type TFs
PHR1/PHL1 are master regulators
controlling most of the PSI-gene
transcripts. Post-transcriptional
mechanisms like microRNA
silencing (e.g. miRNA399), target
mimicry (e.g. IPS/At4),
ubiquitination (e.g. PHO2),
sumoylation (e.g. SIZ1), and
trafficking of Pi transporters (e.g.
PHF1) complement the molecular
mechanisms controlling the Pi
homeostasis during Pi-starvation.
The color code of the lines and the
lines endings (arrowheads or dots)
indicates the level of regulation
(transcriptional or post-
transcriptional) and the effect
(positive or negative). Black lines
represent unknown levels of
regulation. Figure modified from




3.2.2.2. Post-transcriptional control of phosphate starvation responses 
Different posttranscriptional mechanisms, together with ubiquitination (the main focus of this section; see 
3.2.2.2.4. Ubiquitin-mediated modulation of Pi-starvation responses), affect Pi uptake and long-distance Pi 
signaling, and modulate Pi starvation responses (Figure 7). Further details on the molecular basis of these 
mechanisms are provided by several excellent reviews (Doerner, 2008; Rouached et al., 2010; Yang & Finnegan, 
2010; Chiou & Lin, 2011; Peret et al., 2011). 
3.2.2.2.1. Sumoylation  
Similarly to ubiquitin, small ubiquitin-like modifier (SUMO) peptide is attached to protein targets by a 
specific enzymatic cascade. Modification of proteins with SUMO rarely triggers their degradation through the 26S 
proteasome, but alters protein activity, localization or interaction abilities (Ulrich, 2005). In plants, sumoylation has 
been involved in the control of developmental processes, such as flowering control, and responses to different 
stresses, including cold, drought, pathogen attack and Pi starvation. Most of these regulatory effects of 
sumoylation have been obtained from the characterization of mutants in E3 SUMO-ligase SIZ1 (review by Miura & 
Hasegawa, 2010). Among other pleitropic phenotypes, Arabidopsis siz1 mutants displayed enhanced local and 
systemic Pi starvation responses, such as reduced growth of the primary root, increased lateral root proliferation, 
and higher accumulation of anthocyanins. siz1 mutants also displayed upregulation of a subset of PSR genes under 
Pi-sufficient conditions (Miura  et al., 2005). Interestingly, SIZ1 was able to sumoylate PHR1 in vitro. Substantiating 
this result, PHR1 was isolated together with SUMO-protein conjugates purified from Arabidopsis (Miller et al., 
2010). SIZ1-mediated sumoylation of PHR1 may account for many Pi-related phenotypes found in siz1 mutants. 
However, it has recently been shown that SIZ1 negatively regulates root architecture responses to Pi limitation by 
controlling auxin regulated gene expression and auxin patterning (Miura et al., 2011). These results indicate that 
SIZ1 may target additional yet-unknown proteins within the auxin-signaling pathway to control specific Pi starvation 
responses.  
3.2.2.2.2. Pi transporter phosphorylation and trafficking  
Certain Pi starvation responses are shared between organisms that rely on Pi availability in the external 
media (e.g., bacteria, fungi and plants), including increased expression and accumulation of high-affinity Pi 
transporters, aimed at facilitating Pi uptake into cells (Raghothama, 1999). In plants, accumulation of high-affinity 
Pi transporters (PHT1 family members) at the plasma membrane (PM) is subject to tight regulation. Thus, upon Pi 
deprivation, expression of PHT1 genes is upregulated, and newly-synthesized PHT1 proteins are sorted from the 
endoplasmic reticulum (ER) to the PM into COPII coated secretory vesicles (Bayle et al. 2011). Proper ER-to PM 




protein structurally related to SEC12 proteins, and is modulated by phosphorylation of specific residues at the C-
terminal end of PHT1 proteins. PHF1 is apparently not necessarily used for COPII vesicle recruitment, but instead 
it may act as a packaging chaperone of incorrectly-folded PHT1 proteins (Gonzalez et al. 2005; Bayle et al. 2011). 
Once at the PM, adequate PHT1 protein levels are maintained according to the Pi requirement of cells. Thus, under 
Pi-sufficient conditions, excess PHT1 proteins that are no longer necessary are removed from the PM by 
internalization into endosomes, and subsequent sorting and degradation into the vacuole. Under Pi-limiting 
conditions, PHT1 proteins are also subjected to endocytosis, although they are mainly redirected to the PM by 
endosome recycling processes, therefore allowing sustained Pi uptake rates. 
3.2.2.2.3. miRNA-mediated long-distance Pi signaling and target mimicry  
Pi homeostasis requires long-distance signaling mechanisms that allow integration of Pi status at different 
plant organ levels (reviewed in Doerner, 2008; Chiou and Lin, 2011). The nature of the signaling molecule(s) has 
been the focus of intense debate in the field. Recent studies have proposed that specific miRNAs (i.e., miR399 
family members) can have this function based on key features of these molecules. Thus, miR399 genes are highly 
responsive to Pi starvation, their products can move from the shoot to the root through the phloem, and, 
moreover, they recognize as targets the transcripts of PHO2, a gene encoding a putative E2/E3 ubiquitin ligase that 
acts as a negative regulator of shoot Pi accumulation (Fujii et al., 2005; Aung et al., 2006; Bari et al., 2006; Chiou 
et al., 2006; Lin et al., 2008; Pant et al., 2008). Therefore, the proposed model is that, upon Pi deprivation, 
intracellular Pi levels will drop in the aerial part, triggering miR399 expression and transport to the root where they 
recognize specific target sites on the 5’UTR of PHO2 mRNA to promote its degradation through the RNAinduced 
silencing complex. As a result of PHO2 degradation, there is an increase in both Pi transport into root cells and Pi 
loading into the xylem that aims to normalize Pi levels in the shoot. Additional studies added a new level of 
complexity to this regulatory mechanism by identifying non-coding RNAs that mimic miR399’s targets (Franco-
Zorrilla et al., 2007). In this regard, it was found that the products of the At4/IPS1 gene family (conserved in 
different eudicots, such as rice, tomato, Medicago and Arabidopsis) show partial complementarity to miR399. 
Thus, At4/IPS1 members share a 23-nt region that is complementary to the miR399 sequence, with the exception 
of a 2- or 3-nt mismatch in the predicted miRNA cleavage site. In this way, At4/IPS1 RNA molecules are able to 
compete with PHO2 transcripts for binding miR399. Importantly, imperfect pairing between At4/IPS1 and miR399 
molecules prevents cleavage of At4/IPS1, resulting in miR399 sequestration and leading to stabilization of PHO2 
transcripts (Franco-Zorrilla et al., 2007). Interestingly, At4/IPS1 and miR399 gene expression is induced by PHR1 
under low Pi conditions. It has been suggested that At4/IPS genes may act as a negative feedback regulatory loop 
that limits miR399 function under fluctuating Pi supply conditions. The regulatory mechanism mediated by 




has also been found in animals, where it provides a framework for a dialogue among RNAs sharing the same miRNA 
binding sites (Rubio-Somoza  et al., 2011).  
3.2.2.2.4. Ubiquitin-mediated modulation of Pi starvation responses 
Several reports have demonstrated that specific enzymes mediating Ub conjugation or deconjugation are 
involved in the control of adaptive responses to Pi starvation in plants (Figure 7; reviewed in Rojas-Triana et al., 
2013). Below, we describe the best-known examples.  
3.2.2.2.4.1. E3 Ub ligases as negative regulators of Pi responses 
FBX2, a protein that contains both WD40 and F-box domains, was identified as a negative regulator of 
molecular, developmental, physiological and metabolic responses to Pi starvation in Arabidopsis (Chen et al., 2008). 
Indeed, a T-DNA insertion mutant in the corresponding gene, fbx2, displayed constitutive low Pi responses, such 
as higher levels of Phosphoenolpyruvate Carboxylase Kinase 1 (PPCK1) transcripts, a higher number of root hairs, 
and increased contents of intracellular Pi and anthocyanins under Pi-sufficient conditions (Chen et al,. 2008). 
According to microarray data, FBX2 gene expression is not responsive to differences in Pi supply, which indicates 
that FBX2 function is controlled post-transcriptionally by a yet-unknown mechanism (Bustos et al., 2010). The 
molecular mechanism by which FBX2 modulates PSR is not clear either, since the identity of its potential 
ubiquitination substrates is unknown. Although PHR1 might be an ideal target candidate due to its central role in 
the control of PSR, no evidence for direct interaction between FBX2 and PHR1 was found (Chen et al., 2008). 
Another TF, bHLH32, was found to strongly interact with FBX2 in vitro. However, it is unlikely that bHLH32 is 
targeted by FBX2 activity, since both proteins act as negative regulators of similar PSRs, as observed in the analysis 
of fbx2 and bhlh32 mutants (Schiefelbein, 2003; Zhang et al., 2003; Chen et al., 2007, 2008). It has been proposed 
that FBX2 acts as part of an SCF E3 complex that recruits target proteins for ubiquitination through its interaction 
with bHLH32 (Figure 7). The identification of the targets recognized by FBX2 will likely unveil novel regulatory 
elements within the Pi starvation-signaling pathway.  
3.2.2.2.4.2. Crosstalk between auxin and Pi starvation signaling 
Another F-box protein, Transport Inhibitor Response 1 (TIR1), also controls (to some extent) plant growth 
and developmental responses to Pi starvation. TIR1 acts as an auxin receptor that triggers ubiquitination of 
AUXIN/INDOLE-3-ACETIC ACID (AUX/IAA) proteins, and further degradation by the 26S proteosome (Gray et al., 
2001; Dharmasiri et al., 2005; Kepinski & Leyser, 2005). Removal of AUX/IAA proteins releases Auxin Response 
Factor (ARF) TFs that regulate expression of auxin-responsive genes (Tiwari et al., 2001). Interestingly, Perez-Torres 
et al. (2008) reported that, contrary to WT seedlings, tir1–1 mutants failed to enhance lateral root production in 




modification in response to low Pi availability. Additional data showed that changes in Pi availability do not cause 
differences in free IAA concentration in either the roots or shoots of WT seedlings (Jain et al., 2007; Perez-Torres  
et al., 2008). Indeed, it was found that the increase in the formation and emergence of lateral roots under Pi 
starvation conditions is due to an enhancement in auxin sensitivity as a consequence of increased expression of 
TIR1 in Pi-deprived plants (Perez-Torres et al., 2008). Therefore, upon Pi deprivation, accumulation of TIR1 would 
enhance degradation of AUX/IAA proteins, liberating ARF transcription factors and modulating the expression of 
genes involved in lateral root formation.   
3.2.2.2.4.3. Ub deconjugases 
 The previous examples demonstrate that enzymes mediating Ub conjugation to protein targets play important 
roles in the control of Pi starvation responses. Likewise, deconjugation of Ub from targets should affect plant 
adaptation to Pi deprivation. This is the case of Ubiquitin-specific Protease 14 (UBP14), a Ub deconjugase (or 
deubiquitinase) that is required for regulation of Pi homeostasis at the posttranslational level, and which affects 
the root hair developmental program in response to Pi availability (Li et al., 2010). UBP14 had been previously 
described as being essential for the optimal functioning of the UPS pathway during the early stages of plant 
development, through its roles in Ub recycling and in the maintenance of an adequate balance between free Ub 
molecules and poly-ubiquitin chains (Doelling et al., 2001). In fact, in the absence of UBP14, the embryos reach 
the globular stage, but are unable to produce viable seeds as a consequence of a limited number of cell divisions 
before the embryo arrest, resulting in an embryo-lethal phenotype (Doelling et al., 2001).  
By means of a screen of an ethyl methanesulfonate (EMS)-mutagenized Arabidopsis population, Li et al. 
(2010) isolated per1 (PI DEFICIENT ROOT HAIR DEFECTIVE1), a weak mutant allele of UBP14, which allowed further 
functional characterization of this gene. per1 plants displayed Pi-specific defects in root hair elongation under Pi 
starvation conditions, and a battery of phenotypes that resembled Pi-deficient plants under Pi-rich conditions. 
These results suggest that an adequate balance between Ub monomers and Ub chains is necessary for sustaining 
proper root responses to Pi deprivation (Li et al. 2010).  
3.2.2.2.4.4. Ubiquitination pathway components controlling Pi homeostasis 
As mentioned before, PHO2 protein acts as a negative regulator of Pi starvation responses by controlling 
Pi transport from roots and Pi allocation in shoots (Fujii et al. 2005; Bari et al. 2006). Thus, pho2 mutants 
accumulate excessive Pi in shoots (from 3- to 6-times the level in WT plants), which may cause toxic effects and 
leaf senescence (Delhaize & Randall 1995; Dong et al., 1998).  
PHO2, also known as UBC24, belongs to an atypical E2 Ub conjugase family that includes four members in 




to mammalian UBE2O (E2–230K) and BIRC6 (Apollon), two E2 enzymes that do not interact with E3 Ub ligases, but 
rather contain a chimeric E2/E3 domain that may allow them to directly target specific proteins for ubiquitination 
(Berleth & Pickart, 1996; Hauser et al., 1998; Bartke et al., 2004; Hao et al., 2004). Both BIRC6 and UBE2O may 
have similar cellular localization, since BIRC6 localizes in the Golgi and Trans-Golgi network and in small vesicles, 
and UBE2O interacts with proteins associated with the endomembrane system, such as copine (Hauser et al., 1998; 
Tomsig et al., 2003). Interestingly, it has recently been shown that PHO2 also colocalizes with endomembrane 
compartments, where it may trigger ubiquitination and degradation of specific substrates involved in Pi transport 
to the shoot (Liu et al., 2012).  
Increased PSI gene transcripts in Pi-replete pho2 mutants suggest that PHO2/UBC24 acts via an 
intermediate target. While a transcriptional regulator would be an obvious candidate given the up-regulation of a 
considerable number of PSI genes in pho2 mutants, the first PHO2-target identified through a genetic suppressor 
screen and biochemical experiments was PHO1 (Liu et al., 2012), a transmembrane protein involved in the loading 
of Pi into the xylem (Hamburger et al., 2002) (Figure 7). Thus, it was found that mutations in PHO1 are able to 
rescue pho2 Pi levels to normal conditions (Poirier et al., 1991; Arpat et al., 2012; Liu et al., 2012). Interestingly, 
both PHO2 and PHO1 are expressed in vascular cells, where they colocalize at the endomembrane system 
(Hamburger et al., 2002; Arpat et al., 2012; Liu et al., 2012). Additional analyses demonstrated that PHO2 and 
PHO1 physically interact, and, moreover, that PHO2 is able to trigger degradation of PHO1 in transient expression 
assays in N. benthamiana leaves, although in a proteasome independent manner. Further experiments have 
indicated that PHO1 proteolysis may occur in the vacuole, and is mediated by trafficking into multivesicular bodies 
(Liu et al., 2012). Therefore, PHO2 acts in the root as a negative regulator of Pi transport to the aerial part by 
promoting degradation of PHO1 under high Pi conditions (when PHO2 transcripts accumulate; Figure 7). However, 
whether or not PHO1 is directly ubiquitinated by PHO2 still needs to be demonstrated through further research. 
Further downstream components of PHO2 identified using proteomics include PHT1-family proteins and PHF1 
(Huang et al., 2013). PHO2 apparently controls the degradation of several proteins directly or indirectly involved 
in Pi transport to maintain Pi homeostasis in plants. 
Another UPS component, NITROGEN LIMITATION ADAPTATION (NLA), is involved in Pi homeostasis 
maintenance (Kant et al., 2011). NLA contains a RING domain, and has been proposed to act as an E3 Ub ligase. 
Additionally, it contains an SPX domain, which is present in many proteins involved in Pi sensing, and in transport 
in yeast and plants (e.g., PHO1 family members; Wang et al., 2004; Stefanovic et al., 2007). NLA ubiquitination 
targets have not been identified to date. However, it was found that Pi transporters accumulate in nla mutants, 




accumulation in shoots, similar to PHO2 mutation (Kant et al., 2011). Interestingly, high accumulation of Pi in these 
mutants depends on nitrate concentration. Thus, nla plants show enhanced Pi levels only under low-nitrate 
conditions, and pho2 displays higher increased Pi accumulation under these conditions. On the other hand, it was 
found that Pi starvation induces high expression of miR827, which displays complementarity to NLA transcripts and 
promotes their destabilization, allowing accumulation of PHT1 transporters and increased Pi uptake and transport 
to the shoot (Kant et al., 2011). More recently, NLA was shown to recruit PHO2 and mediate degradation of plasma 
membrane Pi transporters (Lin et al., 2013; Park et al., 2014). Further characterization of the mechanisms that 
involve PHO2 and NLA function will surely shed light on the sophisticated regulatory crosstalk between Pi and 
nitrate signaling pathways. 
 
3.2.3. The role of phytohormones in Pi homeostasis 
Upon sensing of Pi limitation in the root or elsewhere in the plant, signaling pathways/cascades become 
activated resulting in the generation of local (cell-autonomous) and systemic (long-distance) signals. In 
multicellular organisms local signaling and long-distance signaling between organs and tissues are needed to adjust 
and coordinate plant physiology, growth and development of various organs. Besides typical secondary messenger 
molecules, such as Ca2+, inositol phosphates or reactive oxygen species (Chiou & Lin, 2011), phytohormones have 
long been discussed as messengers in the context of Pi stress signaling. Pi-deficiency can change the expression of 
hormone biosynthetic genes, hormone production, sensitivity, signaling and transport (Rubio et al., 2009; Chiou & 
Lin, 2011) to regulate root growth including the inhibition of primary root growth, the promotion of lateral root 
growth, root hair and cluster root formation (Bates & Lynch, 1996; Williamson et al., 2001; López-Bucio et al., 
2002; Zhang et al., 2003; Jain et al., 2007). For several phytohormone classes there is convincing evidence for their 
involvement in the regulation of PSRs (Figure 8), either by acting as local or systemic signaling intermediates. 
Ethylene also plays a role in regulating plant responses to Pi starvation. Transcriptome analyses showed 
that transcript levels of ethylene biosynthesis genes are increased in lupin and Arabidopsis under low Pi (Uhde-
Stone  et al., 2003; Morcuende  et al., 2007; Thibaud  et al., 2010), and Pi-starved roots of common bean produce 
twice as much ethylene than Pi-sufficient roots (Borch  et al., 1999) (Figure 8). In maize, Pi-starvation increases the 
sensitivity of roots to ethylene (He et al., 1992). The role of ethylene in the Pi-starvation-mediated inhibition of 
primary root growth and the stimulation of root hair formation is well documented (López-Bucio et al., 2002; Ma  
et al., 2003; Zhang et al., 2003; Kim  et al., 2008). The hps2 mutant in Arabidopsis displays enhanced responses to 
Pi-starvation, such as PSR gene expression, induction of acid phosphatases and anthocyanin production, and 




receptors in ethylene signaling. The hsp3 mutant is an allele of ETO1, a negative regulator of ethylene biosynthesis 
(Wang et al., 2012). hps3 alleles have altered expression of PSR genes and enhanced production of acid 
phosphatase under Pi-sufficient and –deficient conditions, but accumulate less anthocyanin than wild type under 
Pi-starvation. The hps4 mutant in Arabidopsis also exhibits enhanced responses to Pi starvation, such as inhibition 
of primary root growth, enhanced expression of PSR genes or overproduction of root-associated acid phosphatases 
(Yu et al., 2012). 
Gibberellic acid (GA) has also been implicated in the regulation of PSRs in Arabidopsis (Jiang et al., 2007). 
Exogenous application of GA or mutations in DELLA proteins, which are core-components of GA-signaling, led to 
repression of several shoot and root PSRs including characteristic changes in root system architecture and 
anthocyanin accumulation. Pi starvation was also found to promote the accumulation of the DELLA protein RGA 
(repressor of ga1-3) and to cause a decrease of bioactive GA and transcripts encoding enzymes of GA metabolism 
(Jiang et al., 2007) (Figure 8). GA and GA signaling however were not found to be involved in the regulation of Pi 
uptake efficiency or the expression of PSR gene transcripts. The Pi-starvation induced transcription factor MYB62 
in turn affects the expression of several GA biosynthetic genes (Devaiah et al., 2009). 
Strigolactones (SLs) are a more recently recognized class of carotenoid-derived plant hormones and are 
now recognized as important local and systemic signals to regulate the acclimation of plants to Pi-starvation. SLs 
were known for some time to promote hyphal branching and root colonization of arbuscular mycorrhizal fungi 
(AMF) (Akiyama  et al., 2005; Besserer et al., 2006), a developmental trait intimately connected with Pi-limitation. 
Using SL-deficient and –insensitive max mutants and the synthetic SL GR24, SLs were also found to suppress lateral 
shoot branching, regulate root hair elongation, lateral and adventitious root formation or root nodulation (Gomez-
Roldan et al., 2008; Ruyter-Spira et al., 2011; Czarnecki et al., 2013). Pi deficiency induces SL biosynthesis in roots 
of many plant species (Yoneyama et al., 2007) and gene transcripts encoding enzymes for SL biosynthesis (Umehara 
et al., 2010). Pi deficiency also stimulates SL exudation from roots (Yoneyama et al., 2007; Umehara et al., 2010) 
which is important for beneficial plant-microbe interactions and thus for improving Pi acquisition from soil. Using 
max mutants and GR24, SLs were implicated in plant perception of or response to low Pi conditions (Ruyter-Spira  
et al., 2011; Mayzlish-Gati et al., 2012), including an effect on the expression of PSR genes and the auxin receptor 
gene TIR1 (Mayzlish-Gati et al., 2012) (Figure 8).  
Abscisic acid (ABA) might also be involved in some aspects of the PSR. Induction of some PSR gene 
transcripts was reported to be inhibited by ABA and increased in aba1-3 mutants (Ribot et al., 2008) (Figure 8). 
Also similarity of growth patterns of P-limited and ABA-treated plants, e.g. increased root-to-shoot ratio, led to the 




was not found to be altered in Pi-deficient cotton plants (Radin, 1984), nor were the investigated biochemical and 
developmental responses to Pi-limitation altered in aba1 or abi2-1 mutants (Trull et al., 1997). Hence in comparison 
to other phytohormones, ABA appears to play a minor only. 
 
Cytokinins (CKs) are usually associated with a stimulation of shoot- but an inhibition of root growth. 
Decrease in CKs has been associated with P-starvation and N-limitation (Horgan & Wareing, 1980; Kuiper et al., 
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Figure 8. Phytohormonal regulation
of PSR. Pi limitation has differential
effects over the concentration,
sensitivity and transport of the
different phytohormones, which in
turn regulates PSRs. Low Pi-induced
hormones like auxin, strigolactones
(SLs) and ethylene positively
regulates the PSRs, while the low Pi-
repressed hormones cytokinins (CKs)
and gibberellins (GA) results in a
negative regulation of the PSRs. ABA
transport is induced by Pi-limitation
yet negatively regulates PSI gene
expression. The color code of the
lines (green and red) and the lines
endings (arrowheads or dots)
denotes the differential regulatory
effects (positive or negative). Figure





1988) and lower CK concentrations in roots during P-limitation could alleviate the inhibition of root growth. CK is 
known to repress the induction of PSI genes in Arabidopsis, whereas the increase in root hair number and length 
during P-limitation is not dependent on CK (Martín et al., 2000; Franco-Zorrilla et al., 2005). CK repression of PSI 
gene expression is dependent on CK receptors CRE1/AHK4 and AHK3 (Franco-Zorrilla  et al., 2005), and could be 
due, at least in part, to the release of Pi from internal sources and a concomitant increase in intracellular Pi content 
that occurs upon treatment with CK in Pi-deprived rice (Wang et al., 2006). The observations that CKs affect PSRs 
that are dependent upon whole-plant Pi status, and do not repress the increase in root hair number and length 
induced by Pi starvation, a response dependent on local Pi concentration, suggest that CKs act as systemic signals 
(Martín et al., 2000), similar to their function in the control of N assimilation and status in plants (Sakakibara, 2006). 
Split-root experiments however also demonstrated that the cre1/ahk3 double mutant is not significantly affected 
in long-distance systemic repression of PSI gene expression (Franco-Zorrilla et al., 2005), suggesting that systemic 
signaling of P-status involves further signals. 
In summary, there is nowadays overwhelming evidence for the involvement of several phytohormones in 
P-limitation signaling in plants (Figure 8). However, understanding the precise roles of each hormone and their 
cross-talk at the cellular, tissue or organ level, as well as the relative importance of and interaction with additional 
local and systemic signals requires more. 




























The characterization of the KMD family and the identification of their target proteins, potentially involved 
in the regulation of the Pi-starvation signaling, are the main objectives of this research, whose specific objectives 
are: 
 
1. Identification of E3 ubiquitin ligases that respond transcriptionally to Pi starvation in Arabidopsis. 
 
2. Functional characterization of the E3 ubiquitin ligases family KISS ME DEATHDLY (KMD) in the nutritional 
signaling in Arabidopsis. 
 
3. Identification and characterization of target proteins of the E3 ubiquitin ligases KMDs. 
 
4. Study of the metabolic implications of the post-traductional reglation of the enzyme PAL, mediated by 
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5. MATERIAL AND METHODS 
 
5.1. BIOLOGICAL MATERIAL 
 
5.1.1. Bacterial strains  
 Agrobacterium tumefaciens (A. tumefaciens) C58C1: (Yanofsky & Nester, 1986).  
 Escherichia coli (E. coli) DH5α: (Woodcock et al., 1989). 
 
5.1.2. Yeast strains  
 Saccharomyces cerevisae (S. cerevisae) AH109: (Clontech). 
 Saccharomyces cerevisae Y187: (Clontech).     
     
5.1.3. Plant material          
 Arabidopsis thaliana L. (A. thaliana) (L. Heynh), ecotype Columbia (Col-0). 
 Nicotiana benthamiana (N. benthamiana). 
 A. thaliana mutant alleles in Col-0 background (Table 3). 
 
Table 3. A. thaliana mutant alleles in Col-0 background. 
STABLE LINE REFERENCE OBSERVATIONS 
pub27/28/29 Rojas-Triana et al., 2013 Provided by Prof. Salomé Prat 
phr1/phl1 Bustos et al., 2011 Provided by Prof. Javier Paz-Ares 
cul1-6 Moon et al., 2007 Provided by Prof. Mark Estelle 
cul3hyp Thomann et al., 2009 Provided by Prof. Pascal Genschik 
kmd1 Alonso et al. 2003 Salk_129095 obtained from ABRC 
kmd2 Alonso et al. 2003 Salk_01438 obtained from ABRC 
kmd4 Alonso et al. 2003 Salk_080250 obtained from ABRC 
kmd1/2 Rojas-Triana, unpublished data Crossed 
kmd1/4 Rojas-Triana, unpublished data Crossed 
kmd1/2/4 Rojas-Triana, unpublished data Crossed 
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 Arabidopsis transgenic lines in Col-0 background (Table 4). 
 
Table 4. Arabidopsis transgenic lines in Col-0 background. 
STABLE LINE REFERENCE CONSTRUCTION 
oeKMD1-GFP-45 Rojas-Triana, unpublished data 35S::KMD1-GFP 
oeKMD1-GFP-82 Rojas-Triana, unpublished data 35S::KMD1-GFP 
oeKMD4-GFP-12 Rojas-Triana, unpublished data 35S::KMD4-GFP 
oeKMD4-GFP-15 Rojas-Triana, unpublished data 35S::KMD4-GFP 
oeKMD1-MYC-8 Rojas-Triana, unpublished data 35S::KMD1-10xMYC 
oeKMD1-MYC-10 Rojas-Triana, unpublished data 35S::KMD1-10xMYC 
oePAL2-GFP-32 Rojas-Triana, unpublished data 35S::PAL2-GFP 
oePAL2-GFP-42 Rojas-Triana, unpublished data 35S::PAL2-GFP 
oePAL2-GFP-32/oeKMD1-MYC-8 Rojas-Triana, unpublished data Crossed 
oePAL2-GFP-32/oeKMD1-MYC-10 Rojas-Triana, unpublished data Crossed 
oePHR1-MYC Dr. Vicente Rubio 35S::PHR1-10xMYC 
oeSPX1-GFP Dra. Maria Isabel Puga 35S::SPX1-GFP 
   
 
5.2. CULTURE METHODS 
 
5.2.1. Bacterial culture methods 
 Lysogeny broth (LB) medium was used for all the bacterial cultures (10 g/L Tryptone, 5g/L yeast extract 
and 10 g/L NaCl).  pH was adjusted to 7.0 with NaOH.  15 g/L bactoagar were added for solid media (Sambrook et 
al., 1989).  E. coli and A. tumefaciens were cultured at 37°C and 28°C respectively with agitation at 250 r.p.m 
(revolutions per minute). Media were supplemented with the corresponding antibiotics: ampicilin (100 µg/mL), 
gentamicin (50 µg/mL), hygromycin (40 µg/mL), kanamycin (50 µg/mL), rifampicin (50 µg/mL), spectinomycin (50 
µg/mL) and streptomycin (10 µg/mL). 
 
5.2.2. Yeast culture methods 
AH109 and Y187 S. cerevisae cells were grown in YPAD and YPD media, respectively.  Both media have 
almost the same composition (20 g/L peptone/tryptone, 10 g/L yeast extract, 40% glucose, 40 mg/L adenine only 
in YPAD medium, pH adjusted to 5.8 with HCl 37 % and 20 g/L bactoagar added only for solid media) (Clontech 
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Yeast Protocols Handbook). Transformation of pGADT7 and pGBKT7 led to normal growth of AH109/Y187 yeast 
cells on the selective media SD-WL.  Selective medium, SD, contained 6.7 g per liter of yeast nitrogen base without 
amino acids with a pH of 5.8, adjusted with KOH, and for solid media 20 g/L of bactoagar was added. Drop out 
(DO) mix (1x) was used as follow: 
 
 SD-WL: Yeast nitrogen base without amino acids supplemented with -Trp/-Leu DO supplement (Clontech, 
No. 630417). 
 SD-WLH: Yeast Nitrogen Base without amino acids supplemented with -Leu/-Trp/-His/ DO supplement 
(Clontech, No. 630419). 
 SD-WLA: Yeast Nitrogen Base without amino acids supplemented with -Ade/-His/-Leu/-Trp DO supplement 
(Clontech, No. 630428) and 0.002% histidine. 
 SD-WLHA: Yeast Nitrogen Base without amino acids supplemented with -Ade/-His/-Leu/-Trp DO 
supplement (Clontech, No. 630428). 
 
5.2.3. Plant cultivation  
5.2.3.1. Cultivation of Arabidopsis in vitro 
5.2.3.1.1. Arabidopsis seed surface sterilization 
Seeds of Arabidopsis were surface sterilized for 15 minutes in 70% (v/v) bleach and 0.01% (v/v) Tween-20, 
and washed four times with bi-distilled water.  
 
5.2.3.1.2. Solid media plant cultures  
Seeds were sterilized as described above, stratified 3 days at 4°C in the dark, and planted on sterile solid 
medium in plates. Growing conditions were 100 µmol/(m2*s) light at 22°C, under long day conditions (16h light / 
8h darkness). Unless stated otherwise, plants were grown in Johnson medium (Johnson et al., 1957; Bates & Lynch, 
1996) with pH 5.7 (KOH). Bactoagar concentration was 0.6% (w/v; 6g/L) for horizontal growth and 1% (w/v; 10g/L) 
for vertical growth.  
MATERIAL AND METHODS 
63 
 
5.2.3.1.3. Liquid medium plant cultures 
Sterile liquid cultures, as described by (Scheible et al., 2004), were grown in full nutrition (FN), low Pi, -Pi, 
low N, -N and -Suc conditions (Table 5). Arabidopsis sterilized and stratified seeds were cultivated in three different 
systems: 
 
 In sterile 125mL Erlenmeyer flasks in 30 mL of sterile liquid medium. Approximately 120 surface sterilized 
and stratified Arabidopsis seeds, corresponding to 3mg of dried seeds, were added to each flask. 
 In sterile 24-wells FalconTM tissue culture plates, each well containing 3ml of liquid medium and one 
Arabidpsis seed. 
 In a sterile hydroponic system (see Figure 23) in 150ml of liquid medium. 
 
Unless stated otherwise, plants in liquid cultures were grown in continuous 100 µmol/(m2*s) light at 22°C on 
shakers set to 45 revolutions per mimute (rpm).  
 








KNO3 2mM 2mM 2mM 0.1mM 2mM 
NH4NO3 1mM 1mM 1mM 50µM 1mM 
K2HPO4/KH2PO4 (pH 5.7-5.8) 3mM 0.2mM - 1mM 1mM 
KCl - 2.5mM 2.5mM 1.5mM - 
CaCl2 4mM 4mM 4mM 4mM 4mM 
MgSO4 1mM 1mM 1mM 1mM 1mM 
K2SO4 2mM 2mM 2mM 2mM 2mM 
2-(N-morpholino)ethanesulfonic acid (MES) 3mM 3mM 3mM 3mM 3mM 
Microelements* 1x 1x 1x 1x 1x 
Sucrose 0.5% 0.5% 0.5% 0.5% - 
Glutamine** 1mM 1mM 1mM - 1mM 
Sucrose 0.5% 0.5% 0.5% 0.5% - 
* Oligoelements consist of the following: 40µM Na2FeEDTA, 60µM H3BO3, 14µM MnSO4, 1µM ZnSO4, 0.6µM CuSO4, 0.4µM 
NiCl2, 0.3µM HMoO4, 20nM CoCl2. ** Sterile filtered glutamine was added after medium sterilization.           
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5.2.3.2. Soil grown plant conditions 
Seedlings were transplanted into a mix of soil and vermiculite (ratio 3:1).  Growing was carried out in 
greenhouse conditions at 22°C with a photoperiod of 16 hours of light and 8 hours of darkness in long-day 
conditions, and 8 hours of light and 16 hours of darkness in short-day conditions.  
 
5.3. CLONING METHODS 
 
To generate expression vectors for plants and yeast, Gateway cloning techniques were used according to 
the manufacture’s instructions (Gateway, Invitrogen). As template either cDNA from FN and Pi limited Arabidopsis 
plants, or commercially available full-length cDNAs clones (Table 6), were used.  
 
Table 6. Full-length cDNA templates source. 
NAME AGI SOURCE* 
ASK3 At2g25700 Arabidopsis seedling cDNA 
ASK4 At1g20140 Arabidopsis seedling cDNA 
ASK5 At3g60020 Arabidopsis seedling cDNA 
ASK9 At3g21850 Arabidopsis seedling cDNA 
ASK11 At4g34210 Arabidopsis seedling cDNA 
ASK16 At2g03190 Arabidopsis seedling cDNA 
ASK19 At2g03160 Arabidopsis seedling cDNA 
ASK20 At2g45950 pda02182; RIKEN stock 
KMD1 At1g80440 U18578; ABRC stock 
KMD2 At1g15670 pda02271; RIKEN stock 
KMD4 At3g59940 U18085; ABRC stock 
PAL2 At3g53260 pda01530; RIKEN stock 
* RIKEN: Institute of Physical and Chemical Research of Japan / ABRC: Arabidopsis Biological Resource Center. 
 
The full-length expressed fragment was amplified was amplified by polymerase chain reaction (PCR) with 
Pwo DNA polymerase (Roche), using adaptor specific primers. 
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Table 7. Primers used for Gateway pDONR207 cloning. Universal adaptor sequences are given in bold letters. 
 







































Gel purification of the attB-PCR products was performed using the Qiaquick Gel Extraction Kit (QIAGEN). 
Subsequently, fragments were cloned into the Gateway entry vector pDNOR207 in BP reactions.  
 
The BP reactions were used for transformation of chemo-competent E. coli DH5α cells (see 5.4.1. Bacterial 
transformation). Plasmid DNA was isolated from liquid bacteria cultures using the QIAPrep Spin Miniprep kit 
(QIAGEN). Correct identity was confirmed by sequencing. Positive clones, containing mutation-free sequence of 
interest, were re-cloned by LR reactions into different Gateway-compatible destination vectors (Table 8). Some 
constructions for Y2H assays were kindly provided by collaborators (Table 8). 
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Table 8. Constructions used for expression in planta and for the yeast two hybrid system (Y2H). 
PLASMID CONSTRUCTION SELECTION OBSERVATIONS 
pGADT7 AD-ASK1 Ampicillin Dr. Juan Carlos del Pozo 
pGADT7 AD-ASK2 Ampicillin Dr. Juan Carlos del Pozo 
pGADT7 AD-ASK3 Ampicillin Rojas-Triana, unpublished data 
pGADT7 AD-ASK4 Ampicillin Rojas-Triana, unpublished data 
pGADT7 AD-ASK5 Ampicillin Rojas-Triana, unpublished data 
pGADT7 AD-ASK6 Ampicillin Dr. Juan Carlos del Pozo 
pGADT7 AD-ASK8 Ampicillin Rojas-Triana, unpublished data 
pGADT7 AD-ASK9 Ampicillin Rojas-Triana, unpublished data 
pGADT7 AD-ASK10 Ampicillin Dr. Juan Carlos del Pozo 
pGADT7 AD-ASK11 Ampicillin Rojas-Triana, unpublished data 
pGADT7 AD-ASK14 Ampicillin Dr. Juan Carlos del Pozo 
pGADT7 AD-ASK16 Ampicillin Rojas-Triana, unpublished data 
pGADT7 AD-ASK18 Ampicillin Dr. Juan Carlos del Pozo 
pGADT7 AD-ASK19 Ampicillin Rojas-Triana, unpublished data 
pGADT7 AD-ASK20 Ampicillin Rojas-Triana, unpublished data 
pGADT7 AD-KMD1 Ampicillin Rojas-Triana, unpublished data 
pGADT7 AD-KMD2 Ampicillin Rojas-Triana, unpublished data 
pGADT7 AD-KMD4 Ampicillin Rojas-Triana, unpublished data 
pGADT7 AD-PAL2 Ampicillin Rojas-Triana, unpublished data 
pGADT7 AD-SPX1 Ampicillin Dra. Maria Isabel Puga 
pGBKT7 BD-ASK1 Kanamycin Dr. Juan Carlos del Pozo 
pGBKT7 BD-ASK2 Kanamycin Dr. Juan Carlos del Pozo 
pGBKT7 BD-ASK3 Kanamycin Rojas-Triana, unpublished data 
pGBKT7 BD-ASK8 Kanamycin Dr. Juan Carlos del Pozo 
pGBKT7 BD-ASK14 Kanamycin Dr. Juan Carlos del Pozo 
pGBKT7 BD-ASK18 Kanamycin Dr. Juan Carlos del Pozo 
pGBKT7 BD-ASK19 Kanamycin Rojas-Triana, unpublished data 
pGBKT7 BD-ASK20 Kanamycin Rojas-Triana, unpublished data 
pGBKT7 BD-KMD1 Kanamycin Rojas-Triana, unpublished data 
pGBKT7 BD-KMD2 Kanamycin Rojas-Triana, unpublished data 
pGBKT7 BD-KMD4 Kanamycin Rojas-Triana, unpublished data 
pGBKT7 BD-PAL2 Kanamycin Rojas-Triana, unpublished data 
pGBKT7 BD-PHR1 Kanamycin Dra. Maria Isabel Puga 
pGWB5 35S::KMD1-GFP Kanamycine Rojas-Triana, unpublished data 
pGWB5 35S::KMD4-GFP Kanamycin Rojas-Triana, unpublished data 
pGWB5 35S::PAL2-GFP Kanamycin Rojas-Triana, unpublished data 
pGWB5 35S::SPX1-GFP Kanamycin Dra. Maria Isabel Puga 
pGWB20 35S::KMD1-10xMYC Kanamycin Rojas-Triana, unpublished data 
pGWB20 35S::PHR1-10xMYC Kanamycin Dr. Vicente Rubio  
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5.4. TRANSFORMATION METHODS  
 
5.4.1. Bacterial transformation 
Transformation of competent DH5α E. coli cells was carried out by heat-shock as described in (Sambrook, 
et al., 1989) or by electroporation as described in (Chassy & Flickinger, 1987). Competent cells were prepared 
through a calcium chloride treatment. Transformation of competent C58C1 A. tumefaciens cells was carried out as 
described in (Weigel & Glazebrook, 2002). Competent cells were generated through a freezing method using also 
calcium chloride. Transformed E. coli and A. tumefaciens cells were plated onto selective media (LB with 
corresponding antibiotics) and then, incubated overnight at 37°C or 48h at 28°C, respectively. 
 
5.4.2. Arabidopsis transformation  
Constitutively 35S::CaMV promoter driven KMD1, KMD4 and PAL2 over-expressers lines were established 
as follows: the full-length coding sequence of the above mentioned genes, was cloned with the Gateway system 
(see section 5.3. Cloning Methods) and the resulting construct was introduced into A. tumefaciens strain C58C1 
cells, followed by floral dip transformation of Arabidopsis Col-0 ecotype (WT). For the flor dip method (Clough & 
Bent 1998), Arabidopsis plants were grown in soil during 20-25 days in long-day conditions before their 
transformation. Young inflorescences were infiltrated by inversion during 10 minutes with a suspension of A. 
tumefaciens carrying the construct of interest, in Murashige and Skoog (MS) medium (3.67g of MS from Duchefa 
Bochemie per 1.5L of bidistilled water) supplemented with 5% of sucrose and a 0.02% of the surfactant agent 
Silwet L77. T1 seeds were screened for hygromicine B resistance, by sowing the T1 seeds into Johnson medium 
supplemented with 50 µg/mL carbenicilin (used for excluding A. tumefaciens growth). Resistant T1 plants were 
transferred to soil to obtain T2 seeds for further homozygosity analysis.  
Due to the nature of Agrobacterium-mediated transformation, neither the locus nor the number of given 
T-DNA insertions can be controlled. In the T1 generation the insertion locus will be in majority in hemizygous state, 
independently of the number of insertion loci in the genome. In following generations, the insertion will 
subsequently segregate, according to Mendel’s first law, for each individual locus. Dependent on the number of 
independent functional insertions loci, this lead to plants with different copy number of the transgene. As a result, 
the transcript levels of transgene expression can vary, which was observed for the T2 over-expresser lines 
established during this research. 
If not stated otherwise, all subsequent studies were performed using mutant or over-expresser T2 seeds. 
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5.4.3. Agroinfiltration of N. benthamiana leaves 
N. benthamiana plants, provided by the CNB greenhouse service, grown during 3-4 weeks were infiltrated 
for various experiments. A. tumefaciens cells transformed with the different constructs were grown overnight and 
used for infiltration of N. benthamiana leaves according to (Sparkes et al., 2006). Leaves were co-infiltrated with 
p19, which suppresses gene silencing (Voinnet, 2003). After 3 days of infiltration, leaves were harvested or used 
for microscopic observations. 
 
5.4.4. S. cerevisae transformation 
S. cerevisae cells were transformed as it is described in Matchmaker Gal4 Two-Hybrid User Manual 
(CLONTECH Laboratories, Inc.). 
 
5.4.5. Stablishment of doble and triple mutant plants and co-overexpressor lines 
5.4.5.1. T-DNA mutant plants genotyping 
To generate doble and triple kmd mutant plants, Arabidopsis kmd1 (SALK_008497), kmd2 (SALK_014388) 
and kmd4 (SALK_080249) T-DNA insertion mutants in Col-0 ecotype were obtained from ABRC (Alonso, et al., 
2003). Heterozygous plants were segregated to obtain single, double and triple homozygous mutant plants, which 
were identified by PCR using specific primers for the target gene and the T-DNA insertion (Table 9). 
 
Table 9. Primers used for T-DNA insertion mutant plants genotyping. 
MUTANT AGI SALK ID NAME SEQUENCE 5’- 3 
kmd1 At1g80440 SALK_008497 
LPSALK_008497 TGTTGCGGTTTAGGTTCAAAC 
RPSALK_008497 CTCCTCCTACCAACAGTTCCC 
kmd2 At1g15670 SALK_014388 
LPSALK_014388  AAATGATTGCCAAAAAGAAAATG 
RPSALK_014388 GGAGGAACAAGGGCAATTTAG 
kmd4 At3g59940 SALK_080249 
LPSALK_080249 TAAAATCTCCGGGGAATTCAG 
RPSALK_080249 AGCATCTCCTTCAGTGTCTC 
T-DNA specific primer: LBa1 TGGTTCACGTAGTGGGCCATCG 
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5.4.5.2. Cross-pollination of Arabidopsis  
Arabidopsis plants were grown in a greenhouse in long-day conditions until the flowers were at a stage 
where they were not open, yet not closed. With fine forceps, all flower parts except the pistil were removed, and 
with pollen obtained from a donor plant this pistil was pollinated. Once siliques were dry, seeds were harvested 
and grown for selection. 
Homozygous mutant plants were used to stablish the double mutants kmd1/2 and kmd1/4, by the cross-
pollination of kmd1 with kmd2 and kmd4, respectivelly. In the same manner, kmd1/2 and kmd1/4 homozygous 
mutant plants were cross-pollinated to stablish kmd1/2/4 triple mutant plants.  
Co-overexpressor oePAL2-GFP/oeKMD1-MYC transgenic plants, cross-pollination was carried using 
homozygous oeKMD1-MYC-8 and oeKMD1-MYC-10 pollen onto oePAL2-GFP-32 pistils. T1 seeds were collected 
and used for further analysis.  
Triple mutant pub27/28/29 was a kind gift of Prof. Salomé Prat (unpublished data).  
Triple mutant pub27/28/29 was generated as follows: Arabidopsis pub28 T-DNA insertion mutant 
(At5g09800) in Col-0 ecotype (SALK_101434) was obtained from ABRC (Alonso et al., 2003). pub27 T-DNA insertion 
mutant (FLAG_104F05) in Ws ecotype (At5g64660) was obtained from INRA (Versailles; Dèrozier et al., 2011). 
Homozygous FLAG_104F05 mutant plants were backcrossed 6 times to Col-0 to obtain pub27 mutant in the Col-0 
background. To obtain pub27/28 double mutant, pub 28 was crossed to pub27 (backcrossed to Col-0) and double 
homozygous mutant plants were identified by PCR. 
 To obtain gene-specific silencing of PUB29 (At3g18710), a 600 bp fragment from PUB29 open reading 
frame was PCR amplified using primers RNAi PUB29-for (5´- CACCATGGGGAGAGATGAAACAGA -3´) and RNAi 
PUB29-rev (5´- TTAGCGTCGAAGGAGATCCAAT -3´) and cloned into pENTR/D-TOPO vector (Invitrogen). This 
fragment was then transferred into pH7GW1WG2(II) vector (Karimi et al., 2002) using Gateway technology 
(invitrogen). Double mutant pub27/28 plants were transformed with PUB29RNAi-pH7GW1WG2, using 
Agrobacterium strain GV 3101 and the floral dip method (Clough and Bent 1998), and transgenic plants were 
selected based on growth in hygromycin. Two different lines (12 and 24) with decreased expression of PUB29 were 
identified by RT-qPCR (data not shown). Homozygous plants from pub27/28 RNAi PUB29 line 12 (pub27/28/29) 
were used in subsequent experiments. 
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5.5. NUCLEIC ACIDS TECHNOLOGY 
 
5.5.1. DNA 
5.5.1.1. Extraction of plasmid DNA from bacteria  
 To isolate plasmid DNA in the range of 20µg from a 5-10 ml bacterial culture, we used the QIAPrep Spin 
Miniprep kit (QIAGEN) in which DNA binds to silica gel membrane in a spin column. 
5.5.1.2. Plant DNA isolation 
Arabidopsis genomic DNA extraction was carried out following the method defined by (Doyle & Doyle, 
1990). 
5.5.1.3. Gel/PCR DNA fragments purification            
  DNA fragments separated by agarose gel electrophoresis or DNA amplified in a PCR, were purified using 
Qiaquick Gel Extraction Kit (QIAGEN). 
5.5.1.4. Extraction of plasmid DNA from yeast 
The methodology used to isolate plasmids from yeast is described in (Hoffman & Winston, 1987). Yeast 
plasmids were introduced into DH5α E. coli competent cells by electroporation in order to amplify the plasmid and 
subsequent sequencing. 
5.5.1.5. Amplification of DNA 
 PCR has been used for selectively amplify target regions of DNA (Sambrook et al., 1989) by the activity of 
the thermostable polymerase Taq (Roche) for current amplifications, and the Pwo DNA polymerase (Roche) for 
high fidelity amplifications. Primers used were acquired at Sigma-Aldrich.  
5.5.1.6. Gel electrophoresis of DNA  
 DNA fragments obtained by PCR or the total DNA obtained in extractions were visualized through agarose 
gel electrophoresis using ethidium bromide in 1x TAE buffer (50mM Tris-acetate, 1mM EDTA, pH 8), which 
intercalates with the DNA and fluoresces under UV light.  Voltage range used has been 80-130 V.  
5.5.1.7. Sequence analysis of DNA 
DNA sequences were obtained at TAIR (http://www.arabidopsis.org). Macrogen and Secugen have 
provided sequencing service. Sequencing results were visualized using the software 4Peaks 
(http://www.mekentosj.com/science/4peaks) available online and aligned using GENOMATIX program alignment 
tool (http://www.genomatix.de/cgi-bin/dialign/dialign.pl). 





5.5.2.1. RNA isolation 
For RNA extraction, plant samples were homogenized using a Silamat S6 bead mill. RNA was extracted 
according to the Qiagen RNeasy kit protocol with these exceptions to the protocol: (I) the initial mixing of 
homogenized plant tissue with RLT lysis buffer was performed in the Silamat S6 bead mill instead of vortexing.    (II) 
Before adding the plant sample/lysis buffer mix to the QIAshredder column, microcentrifuge tubes were briefly 
centrifuged to remove large cell debris. (III) Supernatant was loaded onto QIAshredder column and the pellet was 
discarded. 
Following RNA isolation, RNA purity and concentration were examined by measuring absorption A260, 
A280 and A230 with a NanoDrop® ND-1000 UV-VIS spectrophotometer and only samples with concentrations 
higher than 150ng/µL, a lower 260/280 ratio than 1.9 and a higher 260/230 ratio higher than 1.5 were retained. 
For samples that did not meet these criteria, RNA isolation was repeated.  
RNA samples were DNase digested to remove any co-precipitated genomic DNA. DNase digestion was 
performed using the Applied Biosystems TURBO DNA-free™ kit according to the manufacturer’s protocol. A PCR 
reaction was performed to confirm removal of genomic DNA from the sample, using Actin2 (At3g18780) primers 
(Table 10). A genomic DNA sample was included as a positive control. 
 
5.5.2.2. cDNA synthesis 
First strand cDNA synthesis was performed on DNase digested RNA samples, using SuperScript™ III reverse 
transcriptase (Invitrogen) according to the manufacturers protocol on 2µg of each of the DNase digested RNA 
samples.   
The Quality of cDNA was examined by quantitative real-time PCR (qRT-PCR), using primer sets for 
housekeeping genes UBQ10 (At4g05320) and GAPDH (At1g13440), the former using two primer sets, one for the 
5’ end of the gene and one for the 3’ end. The ratio in threshold cycle value (CT value) between the 5’ and the 3’ 
end of GAPDH indicates to which level cDNA synthesis was completed for the full length of mRNA strands. Samples 
not showing a UBQ10 CT value between 15 and 18, and showing a ratio of more than 1.5 for GAPDH3’/GAPDH5’ 
or GAPDH5’/GAPDH3’  were discarded. Primers for UBQ10, GAPDH3’ and GAPDH5’ are listed in Table 10. 
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5.5.2.3. Semi-quantitative PCR 
 Semi-quantitative PCR analysis was performed using cDNA as template and thermostable polymerase Taq 
(Roche). ACT8 housekeeping gene primers and WT cDNA samples were included as a positive controls. Results 
were visualized by agarose gel electrophoresis (see section 5.5.1.6. Gel electrophoresis of DNA). Primers used are 
listed in Table 10. 
 
5.5.2.4. Quantitative Real-Time PCR 
qRT-PCR reactions were performed using the SYBR® Green JumpStart™ Taq ReadyMix™ (Sigma) or the 
TaqMan ®Universal ProbeLibrary System (UPL). All reactions were performed in two technical replicates. Analysis 
of qRT-PCR data and normalization was performed manually using the Excel software, and the results were 
obtained in the following ways: 
 
 CT value: Cycle threshold value measuring when PCR amplification of the gene of interest is in 
linear exponential phase of amplification by setting a normalized fluorescence threshold for the 
reaction.   
 
 ΔCT: The CT of the reference gene (ACT8 for the UPL system and UBQ10 for the SYBR® Green 
system) for the qRT-PCR, subtracted from the qRT-PCR reaction of interest. Serves to normalize Ct 
values to a housekeeping gene with a very constant expression level in plants in different 
conditions 
 
 40-ΔCT:  The ΔCT value subtracted from the maximum cycle number in the qRT-PCR reaction (40 
cycles). Serves to invert the data so that highly expressed genes have high values and low 
expressed genes have low values. 
 
 ΔΔCt: The difference in ΔCt between two sample treatments. 
 
 Foldchange: Equaling the fold change in expression, calculated as 2^(-1*(ΔΔCT)). 
 
Primer pairs used in the qRT-PCR reactions are listed in Table 10. 
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Table 10. Primers used in RNA-based assays.  














cDNA quality check 
GAPDH3’-R AAACTTGTCGCTCAATGCAATC 
GAPDH5’-LP CACACTCCACTTGGTCTTGCGT 



































PHF1- qRT-LP TTTTGACCCCATTACTGCTTC 
RT-qPCR 




SQD1- qRT-LP CATCCTCTAAACCAAAGCGTGT 
RT-qPCR 
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5.6. PROTEIN TECHNOLOGY 
 
5.6.1. Protein isolation 
Plant material was harvested, frozen in liquid N2 and then homogenized in native extraction buffer or 
immunoprecipitation buffer (IP buffer) (Table 11). The extracts were centrifuged twice at 4°C for 15 minutes at 
13000rpm, and supernatants were recovered. Protein concentration in the supernatant was determined by 
Bradford assay (Bio-Rad). 
 
5.6.2. Western blot analysis 
Protein samples were boiled in 2xSDS loading buffer (0.125M Tris-HCl pH 6.8, 4% SDS, 20% Glycerol, 0.02% 
bromophenol blue, 1% β-mercaptoethanol) during 5 minutes, and 30µg of protein were loaded in SDS-PAGE gels 
(Sambrook et al., 1989). Two-layer gels were used, with a 4% acrilamid:bisacrilamid (29:1) (Biorad) stacking layer, 
and a 7.5-10% (depending on the protein fuisons size) resolving layer. Tris-Glycine buffer (25mM Tris, 192mM 
glycine, 0,1% SDS) was used during the protein separation by a dual amperage electrophoresis of 35mA for the 
stacking layer and 55mA for the resolving layer.  
Gels were transferred to polyvinylidene difluoride (PVDF, Millipore) membranes with a pore size of 
0.45µm, using a semidry (50mM Tris, 40mM glycine, 0.04% SDS  and 20% methanol) transfer blot system under 
110mA during 1.5h. The membranes were then saturated with 5% non-fat milk dissolved in PBS-T (PBS 1x and 0.1% 
Tween-20) during 1h at room temperature (RT), and incubated with the corresponding antibodies (Table 12). The 
immunoblot detection was carried out with ECL Plus Western Blotting Detection System (Amersham) or 
SuperSignal® West Femto Maximum Sensitivity Chemiluminescent Substrate (Thermo Scientific), according with 
the manufacture instructions. 
 
5.6.3. Immunoprecipitation assays 
 
5.6.3.1. Immunoprecipitation of tagged fusions  
In order to test whether KMD1 and KMD4 can be detected in association with CUL1 in planta, 
immunoprecipitation (IP) assays were carried with total protein extracts in IP buffer (Table 11), from oeKMD1-GFP-
82, oeKMD4-GFP-15 and oeKMD1-MYC-10 seedlings, grown during 9 days in +Pi solid Johnson media. 30µg of total 
protein were taken from the lysates and used as inputs. KMD1-GFP and KMD4-GFP, and KMD1-MYC fusions were 
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immunoprecipitated with a polyclonal anti-GFP antibody fused to the protein A-Sepharose® from Staphylococcus 
aureus (SIGMA-ALDRICH), and with EZviewTM Red Anti-c-Myc Affinity Gel (SIGMA-ALDRICH), respectively. Next, 
immunodetection of the immunoprecipitated KMD1-GFP, KMD4-GFP and KMD1-MYC, and the the co-
immunoprecipitated endogenous CUL1, was performed with anti-GFP-HPR, anti-MYC and anti-CUL1 antibodies 
(Table 12).  
Co-immunoprecipitation (Co-IP) of GFP-tagged PAL2 and MYC-tagged KMD1 proteins was performed in 
both (i) stable and (ii) transient expression systems.  
(i) IP of PAL2-GFP fusions was performed using protein extracts in IP buffer (Table 11), prepared from 12-
days-old seedlings corresponding to two independent T1 oePAL2-GFP-32/oeKMD1-MYC (-8 and -10) lines, and the 
two different oeKMD1-MYC parental lines (-8 and -10). 30µg of total protein were taken from the lysates and used 
as inputs. PAL2-GFP fusions were immunoprecipitated with a polyclonal anti-GFP antibody fused to the protein A-
Sepharose® from Staphylococcus aureus (SIGMA-ALDRICH). Next, immunodetection of the immunoprecipitated 
PAL2-GFP, and the the co-immunoprecipitated KMD1-MYC, was performed with anti-GFP-HPR and anti-MYC 
antibodies (Table 12).  
(ii) IP of KMD1-MYC fusions was performed using protein extracts in IP buffer (Table 11) from co-
agroinfiltrated (35S::PAL2-GFP and 35S::KMD1-MYC) N. benthamiana leaves. 30µg of total protein were taken from 
the lysates and used as inputs. KMD1-MYC fusions were immunoprecipitated with EZviewTM Red Anti-c-Myc 
Affinity Gel (SIGMA-ALDRICH). As a negative control 35S::GFP and 35S::KMD1-MYC co-agroinfiltrated leaves were 
used. The inputs and outputs were incubated with anti-MYC and anti-GFP-HPR antibodies (table 12) to detect the 
immunoprecipitated KMD1-MYC fusion and the co-immunoprecipitated PAL2-GFP fusion, respectively.  
Table 11. Total protein lysate buffers. 
REAGENT NATIVE EXTRACTION BUFFER IP BUFFER 
ATP - 5µM 
Dithiothreitol (DTT) - 1µM 
EDTA - 1mM 
Glycerol - 10% 
MG132 - 50µM 
MgCl2 10mM - 
NaCl 150mM 80mM 
NP-40 0.1% 0.2% 
Phenylmethylsulfonyl fluoride (PMSF) 1mM 1mM 
Protease inhibitor cocktail (Roche) 1x 1x 
Tris-HCl pH 7.5 50mM 50mM 
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5.6.3.2. Pull-down of Ub-conjugates  
 Pull-down assays of Ub-conjugates was carried out using 9 day-old oeKMD1-MYC seedlings and N. 
benthamiana leaves transiently overexpressing PAL2-GFP (35S::PAL2::GFP) (3 days post-Agrobacterium-
infiltration). Total proteins were isolated in IP buffer (Table 11), as described previously (see 5.6.1. Protein 
isolation), and 30µg of total proteins were used as inputs.  
Total ubiquitinated proteins were purified by incubation of total protein extracts with p62 agarose (p62) 
(Wilkinson et al., 2001) or with no-ubiquitin affinity agarose, during 4h at 4°C under constant rotation. The total 
ubiquitinated proteins (output) were eluted by boiling during 5 minutes in 2x loading buffer.  Inputs and outputs 
were then used for Western blot analysis (see 5.6.2. Western blot analysis), and anti-Ub antibody (Table 12) was 
used to detect total ubiquitinated proteins. To detect the co-precipitated KMD1-MYC and PAL2-GFP fusions, anti-
GFP-HRP and anti-MYC antibodies were used, as described in Table 12. 
 
Table 12. Antibodies used for immunodetection of proteins. 
ANTIBODY INCUBATION DETECTION MANUFACTURE  SECONDARY 






Milteny Biotec - 




Anti-RPT5 1:1000/Over night/4°C Arabidopsis RPT5 Kwok et al., 1999 Anti-rabbit 
Anti-Ub 1:1000/Over night/4°C Arabidopsis Ub Boston Biochem Anti-rabbit 
 
 
5.6.4. Yeast two-hybrid assays 
Yeast two-hybrid (Y2H) approaches have been used in this work to study the interaction between two known 
proteins and to look for KMD1 interactors in a cDNA library. Y2H experiments were done with the Matchmaker 
GAL4 Two-Hybrid System (Clontech, Cat No. K1604-1, K1605-1, 630303), using the AH109 yeast strain (Clontech) 
for auxotrophy selection and the Y187 for β-galactidose activity. All the constructs used in the Y2H assays are listed 
in Table 8. 
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 For direct Y2H experiments, proteins of interest were cloned into the Gateway compatible vectors, 
pGADT7 and pGBKT7 (Clontech) and co-transformed (see 5.4.4. S. cerevisae transformation) into AH109 yeast cells. 
Cells were selected in SD-WL medium for the presence of both pGADT7 and PGBKT7 plasmids, and then grown in 
the auxotrophic SD-WLH, SD-WLA and SD-WLHA media (see 5.2.2. Yeast culture methods), supplemented or not 
with 3-amino-1,2,4-triazole (3-AT), a competitive inhibitor of the product of the HIS3 gene which is involved in 
histidine biosynthesis in S. cerevisae, to test for interaction.  Yeast growth and handling was according to the Yeast 
Protocols Handbook (Clontech). 
 For the Y2H mating screening, full-length KMD1 was used as bait, and the cDNA library used was kindly 
provided by Dra. Maria Isabel Puga (Puga et al., 2014). Y2H screenings were done according to the Matchmaker 
Gal4 Two-Hybrid User Manual (Clontech). Interacting proteins obtained in these screenings were organized in 
functional classes using Mapman software (http://mapman.gabipd.org/web/guest/mapman).  
 
5.7. MICROSCOPIC TECHNIQUES   
                    
Confocal images were obtained by Leica TCS SP2 and Leica TCS SP5 multispectral confocal microscopes 
(Leica Microsystems) with a 63x water-immersion objective, using photomultipliers for laser lines 405, 488, and 
561 nm. LAS AF v.2.3.6 software was used for image acquisition. Arabidopsis seedlings visualised in confocal 
imaging were grown vertically for 4-6 days at 22°C with a 60% of humidity and 16-hours photoperiod with a 
fluorescent light of a 100 µmol m-2s-1 intensity. Arabidopsis root epidermal cells were visualised for the subcellular 
localization studies. 
 
5.8. PHYSIOLOGICAL ASSAYS  
 
5.8.1. Quantification of soluble Pi content 
Shoot and root soluble Pi content was determined from 12 days-old seedlings grown under different Pi 
conditions, as it is described in (Ames, 1966). Roots were washed five times with bi-distilled water, in order to 
remove possible medium contamination that could alter subsequent quantification. 
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5.8.2. Quantification of anthocyanins content 
Anthocyanin measurements were performed using a modified version of the protocol of (Swain & Hillis, 
1959). Shoots were harvested and pooled in 2mL microcentrifuge tubes. 1mL of a 0,5N HCL, 80% v/v CH3OH 
solution was added and samples were incubated at least 24h at 4°C in the dark, to fully extract anthocyanins from 
the plants tissue while avoiding photo bleaching of the anthocyanin. Samples were then thoroughly mixed and two 
aliquots of 100µL were added to separate spectrophotometer cubetes. To one cubete, a solution of 3N HCl, 1:5 
CH3OH was added, to the other cubete a bleaching solution containing 3N HCl, 1:5 CH3OH and 1:9 H2O2 was added. 
Samples were incubated in the dark for 15 minutes and absorbance was measured at 540nm. Data was collected 
as ΔA540 values of bleached and non-bleached aliquots divided by the fresh weight (FW g). 
 
5.8.3. Primary root length measurement: Pi, Suc and kinetin treatments 
Seeds were plated on vertical complete Johnson medium (1mM Pi and 1% Suc) plates and were placed in 
a phytotron under long day conditions. After 4 days, seedlings were manually transfer to Johnson medium vertical 
plates with the different Pi (1mM Pi and -Pi), Suc (1% Suc and -Pi) and kinetin (100nM kinetin and -Kinetin) 
treatments. Measurement of primary root (PR) length was performed by using the ImageJ software 
(http://rsb.info.nih.gov/ij/, 11-12-2012) on pictures of vertical plates. 
 
5.8.4. Cytokinins exogenous supply treatments 
Seeds were plated on vertical complete Johnson medium (1mM Pi and 1% Suc) and were placed in a 
phytotron under long day conditions. After 4 days, seedlings were manually transfer to Johnson medium vertical 
plates with or without kinetin (100nM) or zeatin (100nM). Seedlings were harvested 7 days after treatment. 
 
5.8.5. Metabolites quantification 
Metabolites quatification was performed in collaboration with Prof. Joachim Kopka from the Max Planck 
Institute of Molecular Plant Physiology, Golm, Germany. Metabolite profiling was performed as detailed previously 
(Wagner et al., 2003; Erban et al., 2007) by gas chromatography coupled to electron impact ionization/time-of-
flight mass spectrometry (GC-EI/TOF-MS) using an Agilent 6890N24 gas chromatograph (Agilent Technologies, 
Böblingen, Germany; http://www.agilent.com) with split and splitless injection onto a Factor Four VF-5ms capillary 
column, 30m length, 0.25mm inner diameter, 0.25μm film thickness (Varian-Agilent Technologies), which was 
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connected to a Pegasus III time-of-flight mass spectrometer (LECO Instrumente GmbH, Mönchengladbach, 
Germany; http://www.leco.de).  
Metabolism of plant material was stopped by rapid sampling into liquid nitrogen under ambient 
light/environmental conditions. Frozen samples were stored at  -80°C before they were pulverized under liquid 
nitrogen for metabolite extractions. Metabolites were extracted from 100 mg (fresh weight ±1 % tolerance) deep 
frozen powder of shoot with 360µl mixture of 300µl pre-cooled methanol, 30µl internal standard solution (2 mg/ml 
13C6-sorbitol) and 30µl nonadecanoic acid methylester (2mg/ml stock in chloroform), was added, vortexed and 
incubated at 70°C for 15 minutes with shaking. 200µl chloroform was added and incubated at 37°C for 5 minutes 
with shaking. After adding 400µl water, the extract was vortexed and the polar phase was separated by 
centrifugation. Aliquots of 160 µl from the polar metabolite fraction were dried by vacuum concentration and 
stored dry under inert gas at  -20°C until further processing.  
Metabolites were methoxyaminated and trimethylsilylated manually prior to GC-EI/TOF-MS analysis (Fiehn 
et al., 2000; Roessner et al., 2000; Wagner et al., 2003; Lisec et al., 2006; Erban et al., 2007). Retention indices 
were calibrated by addition of a C10, C12, C15, C18, C19, C22, C28, C32, and C36 n-alkane mixture to each sample 
(Strehmel et al., 2008). GC-EI/TOF-MS chromatograms were acquired, visually controlled, baseline corrected and 
exported in NetCDF file format using ChromaTOF software (Version 4.22; LECO, St. Joseph, USA). GC-MS data 
processing into a standardized numerical data matrix and compound identification were performed using the 
TagFinder software (Luedemann et al., 2008; Allwood et al., 2009). Compounds were identified by mass spectral 
and retention time index matching to the reference collection of the Golm Metabolome Database (GMD, 
http://gmd.mpimpgolm.mpg.de/) (Kopka et al., 2005; Schauer et al., 2005; Hummel et al., 2010) and to the mass 
spectra of the NIST08 database (http://www.nist.gov/srd/mslist.htm).  
Guidelines for manually supervised metabolite identification were the presence of at least three specific 
mass fragments per compound and a retention index deviation < 1.0% (Strehmel et al., 2008). All mass features of 
an experiment were normalized by sample FW, internal standard and maximum scaled. For quantification purposes 
all mass features were evaluated for best specific, selective and quantitative representation of observed analytes. 
Laboratory and reagent contaminations were evaluated by non-sample control experiments. Metabolites were 
routinely assessed by relative changes expressed as response ratios, i.e. x-fold factors in comparison to a control 
condition of each metabolite measure. 
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5.9. IN SILICO ANALYSIS 
 
5.9.1. Protein aligments 
KMD proteins alignments were performed using the Geneious software version 6.0.5 
(http://www.geneious.com/). For pairwise comparisons, local alignments beased on the Smith-Waterman 
algorithm with a cost matrix Blosum62, were used. For multiple comparisons, global aligments based on Multiple 
Sequence Comparison by Log- Expectation (MUSCLE) algorithm, were used.  
 
5.9.2. Tree reconstructions 
 Tree reconstructions were made using the Geneious software version 6.0.5 (http://www.geneious.com/). 
For the KMD proteins un-rooted tree reconstruction, the distance matrix was constructed with a global aligment 
with a cost matrix Blosum62, and the tree was built using the Jukes-Cantor genetic distance model with the 
Neighbor-joining (NJ) method. The tree reconstruction of the ASK proteins was made with a ClustalX global 
aligment, and the tree was built using the NJ method with 100 times bootstrap. 
 
5.9.3. Protein secondary structure predictions 
Protein secondary structure prediction was performed using the RaptorX software (Källberg et al., 2012) 
(http://raptorx.uchicago.edu/), over the full-length aa sequence of the KMD proteins, and the output is presented 
as the probability in % of the presence of one of the secondary structure elements, alpha helix, beta strand or loop 
structure, against the number of the corresponding aa (aa 1 being the N-terminal aa).  
 
5.9.4. Protein terciary structure reconstructions 
The prediction of the three-dimensional (3-D) structure of KMD proteins, as well as the Arabidopsis FBK 
proteins AFR (ATTENUATED FAR-RED RESPONSE) and FKF1 (FLAVIN-BINDING KELCH-REPEAT F-BOX1) (Harmon & 
Kay, 2003), was performed using the protein structure homology-modelling server SWISS-MODEL (Arnold et al. 
2006; Guex et al., 2009; Kiefer et al. 2009; http://swissmodel.expasy.org/). KMD1, KMD2, KMD4 and AFR 3-D 
prediction was according to the crystal structure of a kelch protein from Plasmodium falciparum (template 4yy8.1), 
while the prediction for KMD2 and FKF1 was based on the Ta-TFP from Thlaspi arvense (templates 5a11.1/5a.10.1) 
(Gumz et al. 2015). The templates mentioned above were selected from the SwissModel Template Library (SMTL), 
MATERIAL AND METHODS 
81 
 
and displayed the highest Global Model Quality Estimation (GMQE). The structural elements are colored according 
to the QMEAN score. According to SWISS-MODEL, SMTL, GMQE and QMEAN are defined as follow: 
 
 SMTL: SMTL is a large structural database of experimentally determined protein structures derived from 
the Protein Data Bank (Westbrook et al. in http://swissmodel.expasy.org/), and it serves as the main 
repository of structural information for the modelling pipeline, providing atomic coordinates of protein 
structures and maintaining sequence and profile databases which can be searched by BLAST and HHblits.  
 GMQE: GMQE is a quality estimation which combines properties from the target-template alignment. The 
resulting GMQE score is expressed as a number between zero and one, reflecting the expected accuracy 
of a model built with that alignment and template. Higher numbers indicate higher reliability. Once a 
model is built, the GMQE gets updated for this specific case by also taking into account the QMEAN4 score 
of the obtained model in order to increase reliability of the quality estimation.  
 QMEAN4: QMEAN4 (Benkert et al. in http://swissmodel.expasy.org/) is a composite scoring function for 
the estimation of the global and local model quality. QMEAN consisting of four structural descriptors: (i) 
the local geometry is analysed by a torsion angle potential over three consecutive amino acids; (ii) two 
pairwise distance-dependent potentials are used to assess all-atom and C-beta interactions; (iii) a solvation 
potential describes the burial status of the residues; (iv) the pseudo energies returned from the four 
structural descriptors. The final QMEAN4 score get directly related to what can be expect from high 
resolution X-ray structures of similar size using a Z-score scheme.  
 Z-score: according to Zhang & Skolnick (1998) the Z-score of a protein is defined as the energy separation 
between the native fold and the average of an ensemble of misfolds in the units of the standard deviation 
of the ensemble. The Z-score is often used as a way of testing the knowledge-based potentials for their 
ability to recognize the native fold from other alternatives (Zhang & Skolnick, 1998). 
 
5.9.5. Transcriptomic data retrival and analysis 
KMDs gene expression data was retrieved from the public expression data collection stored at 
Genevestigator (Hruz et al. 2008; https://genevestigator.com/). Data stored under the Anatomy, Development and 
Perturbations conditions search tools under the compendium-wide analysis option, was used in this research. The 
data selected was from Arabidopsis thaliana samples used in Affymetrix Arabidopsis ATH1 genome arrays, and was 
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filtered based on WT genetic background. Only experiments with gene expression levels with p<0.05 were 
considered for further analysis.    
The KMDs gene expression correlation analysis, and the hierarchical clusterings based on the eucidian 
distance, were performed using the Co-Expression and Hierarchical Clustering similarity search tools under the 
compendium-wide analysis option. The co-expression analysis performed with Genevestigator was based on the 
collection data under the Perturbations conditions search tools. A finer analysis was conducted selecting specific 
datasets for different types of perturbations, and co-expression analysis was conducted based on the Pearson’s 
correlation coefficient using the Excel CORREL function that calculates the Pearson Product-Moment Correlation 
Coefficient for two sets of values (the syntax of the function is: CORREL(array1, array2)). 
 
5.9.6. Over-representation analysis 
The list of potential targets of KMD1 obtained in an Y2H mating screening, were used in an over-
repressentation analysis performed with the MAPMAN over-repressentation analysis tool (Usadel et al., 2006; 
http://mapman.mpimp-golm.mpg.de/general/ora/ora.shtml). The output of the analysis presents the queries 
(KMD1 interactors) classified by hierarchical functional pathways or BINs, with an associated p-value. In this work, 
a BIN was consider as over-represented when p-value<0.05.   
 
5.10. STATISTICAL CONSIDERATIONS 
 
In this thesis, unless otherwise noted, data presented with standard deviation and significance indicators 
represent the average of at least three biological replicates. Significance values were determined using the 
































6.1. PHOSPHATE CONTROLLED E3 UB LIGASES 
 
The Pi starvation response in plants is complex and involves the coordinated action of a wide number of 
genes (Bustos et al. 2010) that produce a range of physiological, metabolic and developmental changes to cope 
with growth under Pi limiting conditions.  
To evaluate the potential involvement of the UPS in the control of Pi starvation responses, the 
transcriptional behavior of different gene super-families that compose the UPS, in response to different Pi supplies, 
was analyzed. Bustos and collaborators (2010) performed a global comparative transcriptomic analysis, by 
hybridizing ATH1 Affymetrix microarrays with three independent biological replicates of RNA, from root and shoot 
of WT and phr1/phl1 seedlings grown 7 days in +Pi and -Pi conditions. The results obtained (Bustos et al. 2010) 
were used in this research.  
Probe sets corresponding to gene super-families that encode for E1, E2, E3 and DUB were identified in 
ATH1, therefore transcriptional behavior of genes behind the basic steps of the ubiquitination cascade could be 
analyzed using these arrays (Figure 9).   
The different UPS components were analyzed grouped by an enzymatic distinction and by gene super-
families: no substrate adaptors (E1, E2, CUL, ASK, DDB and DUB) and substrate adaptors (F-box, BTB, PHD, DCAF, 
HECT, U-box and RING). Thus, the different UPS elements can broadly be differentiated based on their 
ability/inability to physically recruit target proteins for ubiquitination. Genes that codify for elements that act as 
substrate adapters (as monomeric E3s or as multimeric E3 complex subunits) represent around the 94% of the 
total UPS genes in Arabidopsis, while the other 6% is shared by genes encoding the remaining functions within the 
UPS (Figure 9-A). Worth notice that, F-box (SCF E3 subunits) and RING (mostly monomeric E3s) super-families 
spanned 66% of all UPS elements known so far (Figure 9-A).  
The representation of the gene super-families in ATH1 is heterogeneous and size-independent (Figure 9). 
Probe sets corresponding to more than 75% of the members of almost all gene super-families studied are 
represented, except for F-box (n= ~694) and HECT (n= ~8) families, whose representation was more limited (54.5% 
and 62.5%, respectively) (Figure 9-B). Super-families such as E1, E2, CUL, DDB and DUB had almost all their 





Genes that were induced or repressed in response to -Pi, which fulfill an arbitrary selective criteria (Bustos, 
et al., 2010), were used for further analysis. Foldchange values of 2x and 1.5x, and FDR (False Discovery Rate) <0.05 
and <0.1 (Benjamini & Hochberg, 1995), were the selection standards preferred for WT and phr1/phl1 samples, 
respectively.  
Following the criteria mentioned above, 9% and 3% of the UPS genes showed -Pi transcriptional 
responsiveness in the WT shoot and root, respectively, and slightly prone to the induction than to the repression 
(Figure 10-A-i-ii). By splitting the analysis in different gene families (Figure 10-B), it became remarkable the 
percentage of repressed DCAF (11%) genes in Pi starved shoots, and the 14% and 9% of induced U-box genes in -
Pi shoots and roots, respectively (percentage relative to the number of genes represented in ATH1 for each gene 
family). In fact, a binomial distribution analysis made apparent an over-representation of up-regulated U-box 
genes, in response to Pi deficiency in the shoots (Figure 10-B). Families like E1, CUL and HECT showed no -Pi-
responsive members (thus not represented in Figure 10-B). 
In an attempt to explore the functionality of the overrepresentation of the shoot -Pi-inducible U-box genes 
in the context of Pi homeostasis, advantage was taken from a triple pub27/28/29 knockdown line, kindly provided 
by Prof. Salomé Prat (National Center of Biotechnology CNB-CSIC). pub27/28/29, phr1 and WT seedlings were 















Total ATH1 No ATH1
n n % n %
F-box 694 378 54,47 316 45,53
BTB 80 65 81,25 15 18,75
PHD 217 180 82,95 37 17,05
DCAF 117 102 87,18 15 12,82
HECT 8 5 62,50 3 37,50
U-box 64 55 85,94 9 14,06
RING 464 362 78,02 102 21,98
E1 2 2 100,00 0 0,00
E2 37 34 91,89 3 8,11
CUL 10 9 90,00 1 10,00
ASK 21 18 85,71 3 14,29
DDB 2 2 100,00 0 0,00
DUB 30 29 96,67 1 3,33
B
A
Figure 9. UPS genes in the ATH1 Affymetrix microarray. (A) Distribution in genes super-families of the overall UPS components,
including substrate adaptors (F-box, BTB, PHD, DCAF, HECT, U-box and RING) and no substrate adaptors super-families (E1, E2,
CUL, ASK, DDB and DUB). Dots pattern fill represents the % of genes not represented in ATH1. Percentages are relative to the
total number of UPS elements described (n = 1734). (B) Representation of the UPS gene super-families in the ATH1 Affymetrix
microarray, in absolute (n) and percentage values (%). Percentages are relative to the total number of members reported for
each super-family (www.plantsubq.genomics.purdue.edu).




content was measured. In shoots, similar than in phr1, in pub27/28/29 there was approximately 35% less Pi content 
than in the WT plants when grown under Pi sufficient conditions (Figure 10-C).  
 
 
Figure 10. Phosphate Controlled E3 UB ligases. (A) Proportion illustrations of the Pi-starvation
responsive UPS genes, that are induced (red slice) or repressed (blue slice) in response to –Pi,
in (i and iii) wild-type (WT) and (ii and iv) phr1/phl1 shoots (top) and roots (bottom). In ii and
iv, changes in the transcriptional behavior due to phr1/phl1 mutation are color-coded (see
Conventions box), and percentages are relative to the number of induced or repressed UPS
genes in WT in response to –Pi. (B) Percentages (%) of UPS genes, distributed in gene super-
families, induced (red-scale bars) and repressed (blue-scale bars) in WT shoot and root, after





































































array for each super-family (black % value). Absolute values on top. Changes in transcriptional behavior due to the double
mutant phr1/phl1 are represented in different colors (see Conventions box), and as percentages relative to the number of
genes induced or repressed in WT in response to –Pi (red or blue % value) for each super-family. Two different cut-off values
were used for WT and mutants (2× and FDR < 0.05 and 1.5× and FDR < 0.1 for WT and phr1/phl1, respectively). Data from
Bustos et al., 2010. (C) Pi content of shoots of 7-d-old seedlings grown in low Pi (50 µM KH2PO4/K2HPO4) and +Pi (500 µM
KH2PO4/K2HPO4) solid Johnson media. Pi content is represented as percentage (%) relative to WT in +Pi. Color codes represent
the three different genotypes used: pub27/28/29, phr1 and Col-0. Values and error bars are means ± SD. Figure modified from
Rojas-Triana et al. 2013. Statistical significance was determined by (B) binomial distribution analysis (•) (p<0,01) and by (B-C) t-






















































































































































































































In assessing the transcriptional control of PHR/PHL1 TFs over the expression of -Pi-responsive UPS 
components, their transcript levels in the phr1/phl1 mutant background were analyzed in comparison with those 
found in WT in response to -Pi. Changes on the transcriptional behavior of the -Pi-responsive UPS genes were 
extensively found in both shoot and root of phr1/phl1 mutants. As exposed in Figure 10-A-iii-iv, in phr1/phl1 more 
than 70% of the repressed -Pi-responsive UPS genes in both shoot and root, and 73% and 50% of the -Pi induced 
UPS genes in shoot and root, respectively, shown an inversion in their transcriptional behavior (from repression to 
up-regulation, and from induction to down-regulation).  
By comparison of the overall transcriptional behavior of the -Pi-responsive members of each UPS gene 
super-families in phr1/phl1 and WT lines, a significant control by PHR1/PHL1 TFs over Pi-starvation-responsiveness 
of the F-box, BTB, PHD, DCAF, U-box, E2 and DUB families, was found (Student’s t test; Figure 10-B).  
In order to further assess the relevance of the UPS system in the control of Pi signaling, weak cul1–6 and 




cul1–6, cul3hyp and WT lines were grown during 7  days in +Pi (1mM KH2PO4/K2HPO4) and then transferred 
to +Pi/-Pi solid media. Three days after, a re-feeding treatment was performed for 24h to the Pi starved plants. 
Figure 11. Effect of reduced CUL1(-like) and CUL3 levels on PSR genes transcriptional activity in Pi-
deficiency and Pi re-supply conditions. (A) cul1–6 and cul3hyp hypomorphic mutants are expected to be
defective in the assembly of the SCF and CUL3-BTB E3 complexes. Components of these complexes are
depicted. (B) qRT-PCR expression levels presented as log2 scale relative to WT +Pi values. Genes
underlying (i) Pi movilization, (ii) miRNA regulation, (iii) sulpho- and galactolipid biosynthesis and (iv) Pi
transporters trafficking. The experimental designed was performed changing the Pi conditions by
manually transferring Arabidopsis seedlings from growing media with (1mM Pi) or without Pi (7 days
+Pi, 3 days –/+Pi and 24h -/+Pi). The color code indicates the genotypes analyzed. The qRT-PCR was
performed with the TaqMan ®Universal ProbeLibrary System (UPL) with ACT8 as housekeeping
reference. Values and error bars are means  SD.

























































































Using those seedlings, an analysis of transcript accumulation was conducted by qRT-PCR, monitoring highly -Pi-
inducible genes (PURPLE ACID PHOSPHATASE 17 or ACP5; RIBONUCLEASE 1, RNS1; INDUCED BY PI STARVATION 2 
or AT4, ; SULFOQUINOVOSYLDIACYLGLYCEROL 1, SQD1; PHOSPHOETHANOLAMINE/PHOSPHOCHOLINE 
PHOSPHATASE 1, PEPC1; PHOSPHATE TRANSPORTER TRAFFIC FACILITATOR 1, PHF1) involved in a pool of Pi 
limitation responses (Pi mobilization, miRNA regulation, sulpho- and galactolipids biosynthesis and Pi transporters 
trafficking; Figure 11-B). Both cul1–6 and cul3hyp hypomorphic mutants displayed higher transcript levels of PSR 
genes relative to WT seedlings under Pi-deficient conditions, but their responsiveness to Pi re-supply was as fast 
as in the WT (Figure 11-B).  
 
6.1.1. KMD1-4 genes were selected for further analysis 
 
A member of the F-box superfamily, At1g80440, was found to be down-regulated in response to Pi 
starvation in the root tissue, and to be tightly controlled by PHR1/PHR1 TFs. Thus, it act as repressor of Pi-starvation 
responses.  At1g80440 transcript levels are repressed in the root tissue in -Pi and highly up-regulated in the double 
mutant phr1/phl1. Moreover, the close related genes At1g15670 and At3g59940 displayed a similar transcriptional 
behavior in response to Pi limiting conditions, so they were selected for further characterization. Following the 
nomenclature proposed by Kim and collaborators (2013) for the sub-family KISS ME DEADLY (KMD), At1g80440 
was designated as KMD1 and its homologs At1g15670, At2g44130, and At3g59940 as KMD2, KMD3, and KMD4, 
respectively.  
 
Table 3. KMD1-4 transcriptional response to Pi starvation in WT and phr1/phl1 lines according to an ATH1 
Affymetrix microarray (Bustos et al., 2010). Gene expression levels are represented as foldchange values relative 
to the +Pi levels. 
  Shoot Root 
AGI code Name WT phr1/phl1 WT phr1/phl1 
At1g80440 KMD1 -1,18 3,73 -5,11 11,01 
At1g15670 KMD2 1,18 -1,66 -3,58 3,02 
At2g44130 KMD3 1,80 1,32 1,06 5,32 





6.2. KMD1-4 ARE CONSERVED IN LAND PLANTS 
 
In Arabidopsis, according with a phylogenetic reconstruction of the 694 potential F-box proteins reported 
by Gagne and collaborators (2002), KDM1-4 are located within the FKBs, and are forming a close subcluster with 
two main branches: (i) KMD1-2 and (ii) KMD3-4 (Figure 12-A). This inner subcluster linkage was confirmed by an 
un-rooted tree generated using the Jukes -Cantor genetic distance model and Neighbor-joining (NJ) tree build 
method (Figure 12-B). The percentages of identity in each branch were determined by local alignments based on 
the Smith-Waterman algorithm (cost matrix Blosum62): KMD1-2 shared 67% of identity, and KMD3-4 shared 62% 
of identity (Figure 12-B). The percentage of identity between the four members of the subcluster was determine 
using a multiple alignment based on the MUSCLE method (Multiple Sequence Comparison by Log-Expectation; 
Edgar, 2004; Supplemental Figure 1), and it was calculated close to a 35%. 
 
On a wider scenario, insights on the evolution of KMDs in land plant species can be taken from a study 
presented by Schumann and collaborators (2011), in which a reconstruction of FBKs phylogeny was conducted, 
using the full-length aa sequences of FBKs from seven land plant species, including lower land plants like the 
bryophyte Physcomitrella patens (P. patens) and the lycophyte Selaginella moellendorffii (S. moellendorffii), the 
monocots Oriza sativa (O. sativa) and Sorghum bicolor (S. bicolor), and the eudicots Arabidopsis thaliana (A. 
thaliana), Populus trichocarpa (P. trichocarpa) and Vitis vinifera (V. vinifera). The reconstruction was based on 
neighbor-joining (NJ) methods, and was rooted with the only FBK identified in the single-celled green alga 
Chlamydomonas reinhardtii (C. reinhardtii) and with an unique human FBK (Sun et al., 2009). Noticeably, that there 
were no FBKs identified in the fresh water green algae Charophyceae family that is believed to represent the most 
recent common ancestor of land plants (Kenrick & Crane, 1997).  
 
Inside the resulting phylogeny, KMD1-4 are grouped in a super-clade composed by one ancient and two 
stable clades, with no other Arabidopsis FKBs and with close putative orthologs within the eudicots P. trichocarpa 
and V. vinifera. Clear putative monocot orthologs grouped with KMDs, although KMD3-4 orthologs locate a little 
more distant than KMD1-2 orthologs. In the ancient clade, a putative KMD ortholog from the lower plant S. 







Putative orthologs of KMD1-4 genes have been annotated in a wide range of angiosperms, and examples 
can be mention from widely studied eudicots as grape (V. vinifera), medicago (Medicago truncatula) and soybean 





























































































Identical Similar Not similar
Figure 12. Phylogenetic reconstruction of KMD1-4. (A) KMD1-4 position in a
phylogenetic tree of the F-box protein superfamily from Arabidopsis,
generated by p-distance method (bootstrap value of 1000) from an alignment
(ClustalX) of the 60 aa F-box motifs of the 694 potential Arabidopsis F-box
proteins (color code represents different C-terminal motifs; modified from
Gagne et al. 2002). (B) Schematic representation of the predicted F-box motif
and Kelch-like repeats over KMD1-2 and KMD3-4 local alignments (Smith-
Waterman; Blosum62; color code indicates identical, similar and not similar
aa), organized as an un-rooted tree (Jukes-Cantor; Neighbor-joining or NJ (C)
KMD1-4 location in a phylogenetic tree constructed using NJ method of F-box
proteins with Kelch-like repeats (FBKs) in C-terminal end, of the vascular
plants: Arabidopsis thaliana, Populus trichocarpa, Vitis vinifera, Oriza sativa,
Sorghum bicolor, Selaginella moellendorffii and Physcomitrella patens (not
shown). The numbers on the branches indicate bootstrap values> 50. The
color code indicates the genetic background of the F-box (modified from




Table 3. KMD1-4 putative ortholog genes in grape (Vitis vinifera), maize (Zea mays), medicago (Medicago 
truncatula), rice (Oriza sativa) and soybean (Glycine max), according to the Database of Plants Ubiquitin 
Proteasome System (http://bioinformatics.cau.edu.cn/plantsUPS/). Gene models and % of identity are presented. 
 





 GSVIVP00034454001 AC200122.4_FG011 AC150706_11.4 eugene3.00011103 LOC_OS06G39370.1 GLYMA07G03860.1 





 GSVIVP00034454001 AC200122.4_FG011 AC150706_11.4 eugene3.00011103 LOC_OS06G39370.1 GLYMA07G03860.1 





 GSVIVP00034781001 AC183504.4_FG015 AC150706_11.4 fgenesh4_pg.C_LG_VII000004 LOC_OS11G14140.1 GLYMA05G28820.1 





 GSVIVP00034781001 AC183504.4_FG015 AC150706_11.4 fgenesh4_pg.C_LG_VII000004 LOC_OS11G14140.1 GLYMA05G28820.1 
41.6% 35.1% 34.1% 49.5% 34.7% 34.8% 
 
For KMD1-4 aa primary structure, two main features are predicted: a F-box motif and Kelch repeats (Figure 
12-B). The F-box motif is located at the N-terminal region, in between positions 2-49 for KMD1 and KMD2, 17-63 
for KMD3, and 14-61 for KMD4 (Supplemental Figure 1). The in silico secondary structure prediction for this 
regions, performed with RaptorX (Kallberg et al. 2012; http://raptorx.uchicago.edu/), shows the presence of alpha 
helical secondary structures, with a high percentage probability value (Supplemental Figure 2).  
The Kelch repeats are located at the C-terminus of the F-box motif. The primary structure of KMDs 
indicates that while KMD1, KMD3 and KMD4 contain four predicted Kelch repeats, KMD2 has an extra fifth Kelch 
repeat (Figure 12-A). Kelch repeats are covering a wide region between positions 63-263 for KMD1, 119-358 for 
KMD2, 98-300 for KMD3, and 104-314 for KMD4 (Supplemental Figure 1). This region, that spans most of KMDs 
protein sequence, displayed predicted consecutive beta strand secondary structures, according to high percentage 
probability values (Supplemental Figure 2). In concordance, the Kelch repeats domain in KMD1-4 more likely 
displays a tertiary β-propeller structure with the blades arranged around a central axis (Supplemental Figure 3). 
Regarding the KMD1-4 three-dimensional (3-D) structure prediction, performed with the protein structure 
homology-modelling server SWISS-MODEL (Arnold et al., 2006; Guex et al., 2009; Kiefer et al., 2009; 
http://swissmodel.expasy.org/), it’s worth noting that while KMD1, KMD3 and KMD4 showed higher GMQE (Global 




according to the crystal structure of a Kelch protein from Plasmodium falciparum (template 4yy8.1). However, 
KMD2 reconstruction was more reliable when based on the crystal structure of a thiocyanate-forming protein (Ta-
TFP) from Thlaspi arvense (field penny-cress; Brassicaceae), a Kelch protein Involved in glucosinolate breakdown 
(templates 5a11.1/5a.10.1; Gumz et al. 2015; Supplemental Figure 3). 
 
6.3. KMD1-4 SPATIO-TEMPORAL EXPRESSION PATTERNS  
 
To evaluate whether potential sub-functionalization and/or partial functional redundancy exist between 
KMD1-4, KMD1-4 transcriptional patterns and expression correlation were first analyzed.  
For this, in silico and own experimental data were obtained in order to determine KMD1-4 transcript 
accumulation levels in different plant tissues and developmental stages, and in response to different abiotic 
perturbations.  
 
6.3.1. KMD1-4 gene expression correlation analysis 
 
A co-expression analysis was performed taking advantage of the overall collection of gene expression data 
available on the Perturbations tool of the Genevestigator data base (https://genevestigator.com), using each of the 
four KMDs as queries (Figure 13-A). A pool of perturbations related with biotic and abiotic stimuli are grouped on 
the Perturbations category, including the following sub-categories: biotic, chemical, elicitor, hormone, light 
intensity, light quality, nutrient, other (callus formation, germination, CO2 treatments, among others), photoperiod, 
stress, temperature and genetic background. When KMD1, KMD3 and KMD4 were used as queries, the other KMDs 
were found, with the exception of KMD2, on the top of the list of the most positively correlated genes (Figure 13-
A). For KMD1, KMD4 was found in position 7 and KMD3 in position 12 (Figure 13-A-i), for KMD3, KMD1 was found 
in position 1 and KMD4 in position 3 (Figure 13-A-iii), and for KMD4, KMD1 was found in position 3 and KMD3 in 
position 28 (Figure 13-A-iv). In none of the above mentioned analysis KMD2 was listed. Moreover, when KMD2 
was used as query, only KMD1 was found in the distant position 60, with a low Pearson’s correlation coefficient (r-




Keeping in mind the importance on the datasets selection to find co-expressed genes, a finer analysis was 
conducted selecting specific datasets for different types of perturbations, and co-expression analysis between the 
KMDs was conducted, based on the Pearson’s correlation coefficient (Figure 13-B). For that, Genevestigator’s 




KMD1-4 gene expression patterns highly correlated in response to photoperiod perturbations with r-
values greater than 0.86, and KMD1, KMD3 and KMD4 patterns also highly correlated in response to different 
nutritional treatments (r-values > 0,85) (Figure 13-B).  
Moreover, KMD1 and KMD4 shared a high Pearson’s correlation coefficient of 0.96 in response to different 
phyto-hormone treatments, and that correlation seems to be specific for this two members of the KMDs cluster.  
 
Figure 13. KMD1-4 gene expression correlation analysis. (A) Correlation analysis using (i) KMD1, (ii) KMD2, (iii) KMD3 and (iv)
KMD4 as query, presented as r-value (Pearson’s correlation coefficient). In the radar charts the top (i, iii) 15, (iv) 30, and (ii) 60
positive correlated genes are plotted in a linear scale from 1,00 (inner) to (i,iii,iv) 0,50 or (ii) 0,40 (outer). (B) Matrix compiling
the r-values obtained by the comparison of KMD1-4 gene expression data, stored in Genevestigator’s Perturbation tool
(https://genevestigator.com/). Genevestigator’s experiments were selected based on p-value<0,05 (no foldchange filter was
used). The matrix is sectorized based on the perturbation type of the experiments used for the comparisons. Perturbations
section (top) pooled all types of perturbation experiments offered in Genevestigator (biotic, chemical, elicitor, hormone, light
intensity, light quality, nutrient, other, photoperiod, stress, temperature and genetic background), while the sections below it
show a disaggregated analysis were only WT background experiments were included. n represents the number of experiments
used in each set of comparisons.






KMD4 0,72 <0,45 0,62
Photoperiod
n= 19
KMD1 0,70 0,87 0,92 KMD1
Nutrients
n= 33
KMD2 0,97 0,61 0,55 KMD2
KMD3 0,92 0,88 0,86 KMD3
KMD4 0,93 0,86 0,85 KMD4
Light intensity
n= 50
KMD1 0,62 0,68 0,89 KMD1
Light quality
n= 31
KMD2 0,82 0,51 0,70 KMD2
KMD3 0,74 0,68 0,78 KMD3
KMD4 0,76 0,82 0,78 KMD4
Stress 
n= 44
KMD1 -0,21 0,43 0,96 KMD1
Hormones 
n= 39
KMD2 0,71 -0,27 -0,26 KMD2
KMD3 0,71 0,81 0,56 KMD3
KMD4 0,82 0,60 0,68 KMD4
















































































































































6.3.2. KMD1-4 expression in different plant tissues 
 
With the aim to analyze KMD1-4 transcript accumulation in different plant tissues, WT plants were grown 
in full nutrition (FN) medium and KMD1-4 gene expression was determined by RT-qPCR in shoot and root tissues. 
In addition, an in silico search using the Genevestigator Anatomy tool, provided KMD1-4 levels of expression data 
as signal intensity values, in a collection of ATH1 Affymetrix microarrays hybridized with RNA samples from callus, 
seedling, inflorescence, shoot and root of WT plants  (Figure 14-B). This data is congruent and, in consequence, 




KMD1-4 are constitutive expressed in both, root and shoot, but in a different extent (Figure 14-A-B). More 
in detail, the expression levels of the KMD1-2 branch are higher in comparison to the KMD3-4 branch (Figure 14-
C), being particularly evident in the root tissue, where KMD2, and KMD3-4 expression can be considered high and 
medium-low, respectively (Figure 14-A-B). While in the shoot the expression patterns are similar, with the 



































Figure 14. KMD1-4 expression in different plant tissues. (A) KMD1-4 gene expression represented as 40-ΔCt values. WT plants
were grown for 10 days under full nutrition (FN) conditions, in a liquid hydroponic system. Shoot and root tissues were
harvested and analyzed by RT-qPCR using the SYBR® Green dye system with UBQ10 as housekeeping reference. Values and
error bars are means ± SD. (B) Scatterplot of the average levels of KMD1-4 expression, represented as signal intensity value in
a log2 scale. Number of samples aggregated in each category to calculate the average are indicated on the top of the graph.
Bars indicate mean SE. (C) Hierarchical clustering, grounded on the Euclidean distance method, of KMD1-4 based on gene

































































































B). Worth noting is that, while KMD1 and KMD3 transcript detection is similar between root and shoot, there is a 
clear differential transcript accumulation pattern between tissues for KMD2 and KMD4. While KMD2 transcripts 
are more abundant in the root tissue than in the shoot, the opposite is the case for KMD4 transcripts that are more 
abundant in the shoot than in the root (Figure 14-A-B).  
Interestingly, according to Genevestigation data, KMD1-4 transcript accumulation in the callus, resembles 
the heterogeneous behavior and intensity of KMD1-4 transcriptional expression in the root tissue (Figure 14-B). 
 
6.3.3. KMD1-4 expression in different developmental stages 
 
 With the porpoise of analyzing KMD1-4 transcripts convergence during the development of the plant, 
advantage was taken from the Development tool of the Genevestigator database. KMD1-4 gene expression signal 
intensity values were obtained from ATH1 Affymetrix microarrays hybridized with RNA samples from ten different 
developmental stages, comprised between 1 and > 50 days old, as follow: germinated seed (1-6 days), seedling (6-
14 days), young rosette (14-18 days), developed rosette (18-21 days), bolting (21-25 days), young flower (25-29 
days), developed flowers (29-36 days), flowers and siliques (36-45 days), mature siliques (45-50 days) and 
senescent plants (>50 days) (Figure 15). 
KMD1-4 expression levels seems to be homogenous along the development of the plant until the 
development of the mature siliques, represented by similar signal intensity values along development for each 
gene (Figure 15-A), and a clear clustering of a the developmental stages in a single branch, as a result of a 
hierarchical clustering grounded on the Euclidean distance method (Figure 15-B). In this period, between day 1 
and 50, KMD1, KMD2 and KMD4 displayed similar high signal intensity values, while KMD3 appeared with lower 
absolute levels of expression into the medium range (Figure 15-A).  
During the senescence of the plant, a striking heterogeneity is displayed at the transcriptional level by 
KMDs, characterized by a high peak of KMD4 expression, and the lower signal intensity values during development 
for KMD2 and KMD3. In consequence, the senescence stage is the unique distant outer branch in a combined 
hierarchical clustering, suggesting a putative functional diversification after day 50 of development for KMD genes 









6.3.4. KMD1-4 expression in response to different nutritional stresses 
 
In order to get insights about KMD1-4 transcriptional response to Pi-related nutrients starvation, a nutrient 
deficiency experiment was carried out in a hydroponic system (Figure 16-A-B). For this, WT seedling were grown 
for seven days either in full nutrition (FN), low Pi or low nitrogen (N) conditions, and after the seedlings were 
treated for three days with -Pi, -N, -sucrose (-Suc) and FN mediums (experimental design on Figure 16-B). KMD1-4 
gene expression was determined by RT-qPCR in total seedling tissue.  
Additionally, an in silico search using the nutrients dataset on the Genevestigator’s Perturbations tool, 
provided KMD1-4 gene expression as fold-change values relative to a control condition, in a collection of ATH1 
Affymetrix microarrays hybridized with RNA samples from treatments with different nutrients like ion (Fe), 
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Convensions:
Figure 15. KMD1-4 expression in different developmental stages. (A) Scatterplot of the average levels of
KMD1-4 expression, represented as signal intensity value in a log2 scale, in different developmental stages
ranging between seed germination to senescence. Harvesting points in days and the number of samples
aggregated in each category to calculate the average, are indicated on the top of the graph. Bars indicate
mean’s SE. (B) Heatmap of a combined hierarchical clustering of KMD1-4 and different developmental
stages, based on gene expression levels of WT plants. The clustering was grounded on the Euclidean
distance method. In (A) and (B), data was obtained from the Development tool and clustered using the




In this context, KMD1-4 transcriptional response to nutritional stresses is not specific for Pi limitation (see 
6.1. Phosphate Controlled E3 Ub Ligases) because, in fact, KMD1-4 mRNA levels of accumulation are positively 
responsive to Fe and Glu/Suc limitation treatments, and repressed by N starvation (Figure 16). When comparing 
the transcriptional responses between the KMDs, it is worth noting that KMD1 displayed the stronger 




6.3.4.1. KMD1-4 transcriptional response to Pi starvation 
 
Nutrient starvation affects the whole plant, but the various organs are differentially exposed to the given 
stress. Since Pi uptake occurs exclusively by the root system, this is the first organ to sense the lack of Pi in the 
rhizosphere. It was therefore interesting to investigate the expression levels of KMD1-4 in roots and shoots of 









































KMD1 KMD2 KMD3 KMD4 Treatment Control
Iron deficient root / untreated root (Col-0) 2,79 2,28 1,30 1,19 -FeEDTA for 10 days + 100µM FeEDTA
K starved root / untreated root (Col-0) 2,39 1,34 2,08 1,57 -K for 7 days +K
N starved seedling / untreated seedling (Col-0) -2,14 1,67 -1,27 -2,76 -N for 2 days +N
Pi starved / untreated (Col-0)
Root -1,98 -1,09 -1,98 -1,67
-Pi for 10 days (5 µM Pi) +  500 µM Pi
Shoot -2,30 -1,18 -1,79 -2,12
Sulfur starved root  / untreated root (Col-0) -4,86 -1,22 -1,55 -2,13 -S for 24h + S
Sucrose treated seedlings / Sucrose starved seedlings (Col-0) -7,25 -1,53 -3,07 -3,63 + 100mM Suc for 3 days -Suc
Glucose treated seedlings / Glucose starved seedlings -29,24 -6,39 -9,77 -8,83 + 3% Suc for 2h -Suc
C
Figure 16. KMD1-4 expression in response to different nutritional stresses. (A) KMD1-4 relative gene expression represented in
a log2 scale, obtained by RT-qPCR using the SYBR® Green dye system with UBQ10 as housekeeping reference. WT seedlings
were grown for 10 days in a liquid hydroponic system, following the experimental design in (B). Values and error bars are
means ± SD. (C) Heatmap of KMD1-4 gene expression in response to different nutritional stresses, represented as foldchange
values. Representative example experiments are presented, and were chosen based on foldchange values of 2x and p-
value<0,05, from the Genevestigator’s Pertubations tool (https://genevestigator.com/). For detailed information on the





To investigate the transcriptional effect of the Pi starvation during time, time course experiments were 
performed (Figure 17-A-B). For this, plants were grown in low Pi medium (20µM Pi) for seven days, followed by 
three –Pi-medium treatment harvesting points: 24h, 3 days and 7 days (experimental design in Figure 17-B).  
In the root tissue KMD1-4 were gradually repressed in correspondence to the decreasing availability of Pi 
in the medium during 7 days of Pi starvation (Figure 17-A). However, the kinetic of the Pi starvation transcriptional 




In the shoot tissue, KMDs transcription is repressed after 24h of -Pi, followed by a reversal of the 
transcriptional repression between 24h and 3 days for KMD1, KMD3 and KMD4, and after 3 days for KMD2 (Figure 
17-A). This result is indicating that after a long period of Pi starvation (7 days according to the proposed 







































































Figure 17. KMD1-4 expression in
response to Pi starvation and
recovery. KMD1-4 relative gene
expression represented in a log2
scale, obtained by RT-qPCR using the
SYBR® Green dye system with UBQ10
as housekeeping reference. Values
and error bars are means ± SD. (A)
WT seedlings were subjected to a
long period of Pi deprivation, in a
liquid hydroponic system, after 7 days
of grown in a low Pi medium (20µM
KH2PO4/K2HPO4). Following the
experimental design in (B), KMD1-4
gene expression was monitored 24h,
3 days and 7 days after the starvation
treatment was applied. (C) WT
seedling were grown for 11 days in
solid medium with (1mM
KH2PO4/K2HPO4) or without Pi,
followed by manual transfer to a Pi
recovery treatment (1mM





sufficient conditions of growth. Worth noting is that, after 24h of starvation the transcript levels in the shoot almost 
reached the minimum expression levels, indicating that it may play a role at an early stage of developing a Pi 
starvation response in the shoot. In contrast, the transcriptional response in the root tissue suggest that they may 
assume a role in persistent phosphate starvation in the root.  
A fast recovery in the transcript levels after applying a reciprocal growth condition / treatment, indicates 
that the transcriptional control is condition / treatment specific or closely related.  
In order to study the stimulus specificity of the KMDs transcriptional repression in response to Pi 
starvation, a re-feeding experiment was conducted (Figure 17-C-D). With this porpoise, plants were grown in –Pi 
solid medium for eleven days, followed by two Pi re-feeding treatment harvesting points: 8h and 24h (experimental 
design in Figure 17-D). KMD1 and KMD4 gene expression was determine, as representatives of the two main 
branches within the KMDs cluster.  
Eight hours after Pi re-feeding, KMD1 and KMD4 transcript levels increased in both shoot and root. 
However, there is a delay of the recovery in the root compared with the shoot. After twenty four hours of Pi re-
supply, while in the shoot KMD1 and KMD4 transcript levels fully recover the levels found in non-stress shoots, in 
the root the levels of gene expression are around half the levels found in the roots grown in full nutrition medium.  
This findings are indicating that the transcriptional repression of KMDs is closely related to Pi starvation 
rather than to a general stress response, and are supporting the idea of a differential role of the KMDs transcript 
between the root and the shoot in the phosphate starvation response. 
 
6.3.4.1.1. KMD1-4 are under the transcriptional control of the TFs PHR1/PHL1 
 
The MYB transcriptional factors PHR1/PHL1 are required for the regulation of a mayor number of Pi-
starvation responsive (PSR) genes. Due to the key role of PHR1/PHL1 in the regulation of the Pi starvation response 
regulation, it was decisive to examine its relationship to the KMDs.  
phr1/phl1 and WT seedlings were grown 7 days in FN and low Pi liquid mediums, and then subject to FN 
and -Pi treatments during 3 more days (Figure 18-B-C).  By qRT-PCR, KMD1-4 transcript accumulation was analyzed. 
The Pi-starvation transcriptional effect over KMD1, KMD3 and KMD4 is still conserved in the phr1/phl1, as shown 
by lower levels of KMD1/3/4 expression in mutant plants grown in -Pi in comparison with mutants grown in +Pi 




represented by an up-regulation in both +Pi and -Pi conditions, however in a different extend for the three of them, 
especially during Pi limitation (Figure 18-A-i-iii-iv). In phr1/phl1 grown in -Pi, KMD1 levels were higher than in the 
WT grown in +Pi, indicating an opposite transcriptional behavior (from repression in the WT to induction in 
phr1/phl1) (Figure 18-A-i). In the same direction, KMD3 levels were similar than in the WT grown in +Pi (Figure 18-
A-iii) and, even if  KMD4 levels were still repressed compare with the WT grown in +Pi, they were higher than in 




In contrast, the Pi-starvation effect over KMD2 transcription is disrupted in phr1/phl1. While KMD2 is 
repressed in -Pi in WT background, in phr1/phl1 plants, KMD2 displayed higher levels of mRNA accumulation in -Pi 
than in +Pi, indicating a turning point in the transcriptional response to -Pi due to PHR1/PHL1 mutations. Moreover, 
PHR1/PHL1 transcriptional effect over KMD2 is characterized by a down-regulation in both +Pi and -Pi conditions 
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Pi starvation transcriptional effect in Col-0
Pi starvation transcriptional effect in phr1/phl1
phr1/phl1 mutation transcriptional effect in +Pi
phr1/phl1 mutations transcriptional effect in -Pi
Figure 18. PHR1/PHL1 TFs control KMD1-4 transcriptional response to Pi starvation. The transcriptional effect of the TFs
PHR1/PHL1 over KMD1-4 in response to –Pi, is represented as (A) relative gene expression in a log2 scale, and was obtained by
RT-qPCR using the SYBR® Green dye system with UBQ10 as housekeeping reference. WT and phr1/phl1 10 days old seedlings
were grown in liquid mediums, following the experimental design described in (B). Values and error bars are means ± SD.
Doted lines indicates the transcriptional effect of –Pi (black and light brown) and of the double mutation phr1/phl1 (red and
purple). (C) Pictures of the plant material used.
A





















































The previous findings indicates that KMD1-4 are downstream of the TFs PHR1/PHL1, and that PHR1/PHL1 
has a differential regulatory effect over the KMDs. PHR1/PHL1 may be acting as negative transcriptional regulators 
of KMD1, KMD3 and KMD4, and as a positive transcriptional regulator of KMD2. Furthermore, the clear 
transcriptional control over the KMDs by the  -Pi regulation system exemplified by PHR1/PHL1 TFs, is making clear 
that KMDs transcriptional response to -Pi is involved in the adaptive response to Pi limitation, in detriment of been 
an unspecific stress response.  
 
6.3.4.2. KMD1-4 transcriptional response to sucrose starvation 
 
Given the facts that, the strongest transcriptional effect displayed by KMDs in response to a nutritional 
stress was found in sugars limitation (Glu and Suc), that there is a strong transcriptional correlation between the 
KMDs in photoperiod treatments close related with the carbohydrate availability, and that there is a positive 
bidirectional interaction between sugar and Pi starvation signaling (Franco-Zorrilla et al., 2005), a detailed 
characterization of KMD1-4 expression in response to Suc starvation and recovery was conducted, as well as an in 
silico search of KMDs transcriptional response to different light/darkness treatments. 
With that purpose, WT seedlings were grown for 11 days in a liquid hydroponic system, following the 
experimental design in Figure 19-B, and KMD1-4 gene expression was analyzed by qRT-PCR on total seedlings tissue 
(Figure 19-A).  
KMDs are induced during Suc starvation, however in a different extend between them. While KMD1 
displayed the strongest transcriptional response to -Suc, KMD2 showed the weakest one. After applying a reciprocal 
growth condition, KMDs displayed a progressive transcriptional repression, until one hour after the Suc recovery 
treatment was applied. After that minimum expression value point, KMDs expression begins to increase.  Even if 
KMD2 mRNA levels of accumulation seem to recover faster than those of KMD1/3/4, the initial lower -Suc-induced 
KMD2 levels should be taken in consideration (Figure 19-A). 
The previous findings are indicating that KMDs are  -Suc inducible genes that responded rapidly to a 
reciprocal treatment in a repressive manner that is sustain after 3h of the Suc re-supply. As well as in the Pi 
starvation context, the transcriptional response after 30 minutes of KMDs, suggest a transcriptional control close 








Based on ATH1 Affymetrix microarray data from experiments designed with variable light/darkness 
conditions in WT background plants (Genevestigator database), KMD1-4 transcript levels are up-regulated when 
light is not available for producing chemical energy, like in night extension or short day/long day treatments (Figure 
19-C), which represents situations that mimics sugar limitation treatments. Consistent with the experimental 
results mentioned above, short light exposure after a long period of darkness and long day/ short day treatments, 
generate a fast repression of KMDs transcript levels (Figure 19-C), as is the output of the Suc re-feeding experiment 
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KMD1 KMD2 KMD3 KMD4 Treatment Control
Short day / long day grown seedlings (Col-0) 3,62 1,21 1,47 1,33 8h light / 16h dark 16h light / 8h dark
Long day  / short day grown leafs (Col-0) -10,96 -1,07 -4,57 -2,21 16h light / 8h dark 8h light / 16h dark
Night extension  / untreated rosette (Col-0) 7,06 4,18 4,03 5,35 6 to 8h extended night End of the night
Circadian clock: 18h dark / 6h dark shoots (Col-0) 4,98 4,31 4,09 4,21 18h darkness 6h darkness
Circadian clock: 17h dark+1h light / 18h dark shoots (Col-0) -27,02 -8,94 -27,30 -10,44 17h darkness + 1h light 18h darkness
C
Figure 19. KMD1-4 expression in response to sucrose starvation and recovery. (A) KMD1-4 relative gene expression represented
in a log2 scale, obtained by RT-qPCR using the SYBR® Green dye system with UBQ10 as housekeeping reference. WT seedlings
were grown for 11 days in a liquid hydroponic system, following the experimental design in (B). Values and error bars are
means ± SD. (C) Heatmap of KMD1-4 gene expression in response to different photoperiod perturbations, represented as
foldchange values. Representative example experiments are presented, and were chosen based on foldchange values of 2x and
p-value<0,05, from the Genevestigator’s Pertubations tool (https://genevestigator.com/). For detailed information on the





6.3.5. KMD1-4 transcriptional response to different phytohormone exogenous supply  
 
By means of studies on the cytokinin receptors, among others, is been establish a clear and intricate 
interconnection between cytokinin, sugar and Pi-starvation signaling (Franco-Zorrilla, et al., 2005). Considering the 
Pi- and Suc-starvation transcriptional responsiveness of KMDs, it was necessary to investigate the effect of 
cytokinins over KMDs gene expression. With that idea, WT plants were grown for 9 days under the two different 





Expression of the four KMD genes are repressed in response to cytokinins enxogenous supply, however in 
a different extend between the different cytokinin forms tested (Figure 20-A). In this context, zeatin showed a 
stronger negative effect over the transcription of the KMDs in comparison with kinetin (Figure 20-A).  
KMD1-4 are not exclusively responsive to cytokinins. According to a collection of transcriptomic 
experiments stored in the Genevestigator database, KMD1-4 are also repressed by IAA exogenous supply. 
Interestingly, in response to ABA and brasinosteroids, there is a diversification of transcriptional responses within 
the KMDs. It is mainly represented by the ABA repression of KMD1 and KMD2, and by the opposite transcriptional 























Figure 20. KMD1-4 expression in response to different phytohormone
exogenous supply. (A) KMD1-4 relative gene expression represented
in a log2 scale, obtained by RT-qPCR using the SYBR® Green dye
system with UBQ10 as housekeeping reference. WT seedlings were
grown for 9 days in full nutrition (FN) solid medium without or with
100nM kinetin or zeatin. Plants grew in vertical position. Values and
error bars are means ± SD. (B) Heatmap of KMD1-4 gene expression
in response to different phytohormone exogenous supplies,
represented as foldchange values. Representative example
experiments are presented, and were chosen based on foldchange
values of 2x and p-value<0,05, from the Genevestigator’s
Pertubations tool (https://genevestigator.com/). For detailed




KMD1 KMD2 KMD3 KMD4 Treatment Control
BL treated cell culture / untreated cell culture 3,66 -15,14 2,84 2,04 + 1µM BL for 6 days Untreated
ABA treated guard cells / solvent treated guard cells (Col-0) -3,83 -4,87 1,05 1,11 + 50mM ABA for 3h + Ethanol for 3h
IAA treated seedlings / untreated seedling (Col-0) -2,16 -1,27 -2,73 -2,91 + 1μM IAA for 1h Untreated




6.4. EFFECT OF KMD1, KMD2 AND KMD4 ALTERED GENE EXPRESSION IN THE 
PHOSPHATE STARVATION PHYSIOLOGICAL RESPONSES 
 
With the aim of identifying the effect of the altered expression of KMDs in some physiological responses 
to Pi limitation, and its link with sugars and cytokinins, mutants and over-expressor lines for KMDs were used as 
genetic tools.  
 
Transfer DNA (T-DNA) insertion mutations were isolated for KMD1, KMD2 and KMD4 and homozygous T2 
plants were obtained by segregation of T1 heterozygous parents obtained from the Salk collection (Figure 21-A-C). 
By cross-pollination, double kmd1/2 and kmd1/4 mutants were established and T2 homozygous lines were, in turn, 
cross-pollinated to generate kmd1/2/4 triple mutants. No full-length transcripts were detected for the respective 
KMDs in mutant alleles based on semiquantitative RT-PCR analysis (Figure 21-D-F), and no transcript amplicons 
displayed accumulation according to qRT-PCR analysis (Figure 21-G-I). These findings, plus the position of the T-
DNA insertions (Figure 21-A-C), indicated that we have obtained null alleles. In the first instance, kmd1/2, kmd1/4 
and kmd1/2/4 mutants showed no obvious changes in their overall appearance in comparison with WT plants 
(Figure 21-J). 
 
As the main objective was to determine whether higher transcript levels of KMD1 leads to differences 
compared to WT plants, over-expressor lines were selected on the basis of high transcript levels and further 
propagated through next generations. Two independent homozygous lines, oeKMD1-GFP-45 and oeKMD1-GFP-
82, were selected for further characterization, based on the KMD1 gene expression levels found by RT-qPCR in 
plants grown during 9 days in +Pi solid media (Figure 22-A). oeKMD1-GFP lines displayed KMD1 transcript levels 
ranging from 10 (oeKMD1-GFP-45) to 20 (oeKMD1-GFP-82) times higher than the endogenous KMD1 levels found 
in WT seedlings (Figure 22-A). oeKMD1-GFP-82 accumulates twice the amount of KMD1 transcripts than oeKMD1-
GFP-45, independently of the Pi and Suc availability in the growth media (Figure 22-A). This correlates with KMD1-
GFP fusion accumulation levels, in both the shoot and the root tissues of these transgenic lines (Figure 22-B). In 
general terms, oeKMD1-GFP lines showed no obvious changes in their overall appearance in comparison with WT 































































































Figure 21. T-DNA knockout for KMDs mutant lines. T-DNA (from Transfer DNA) knockout in the Col-0 background lines,
obtained from the SALK collection, were used for further physiological and molecular characterization. (A-C) Schematic
representation of the T-DNA insertion position over KMD1, KMD2 and KMD4 exonic (black) or UTR (from Untranslated
Region; grey) regions. (D, G) KMD1, (E, H) KMD2 and (F, I) KMD4 transcripts absence in the double mutants kmd1/2 and
kmd1/4, and in the triple mutant kmd1/2/4, by (D-F) semi-quantitative PCR and (G-I) RT-qPCR analysis. In (D-F) WT cDNA was
used as positive control. Primers used are shown on the bottom of each panel. In (G-I) KMD1, KMD2 and KMD4 gene
expression is shown as relative to WT in a linear scale, and it was performed with the TaqMan ®Universal ProbeLibrary
System (UPL) with ACT8 as housekeeping reference. Values and error bars are means ± SD. (J) kmd1/2, kmd1/4, kmd1/2/4
and WT plants at different stages of development: seedling grown in +Pi medium, young rosette, bolting plant and mature
plants.
J
kmd1/2 kmd1/4 kmd1/2/4 WT




 In order to investigate whether kmd1/2, kmd1/4 and kmd1/2/4 mutants, and oeKMD1-GFP-82 lines are 
affected on the accumulation of Pi and anthocyanins, in response to combined Pi- and Suc-starvation treatments, 
the above mentioned lines were grown in a hydroponic system (Figure 23-A) during 9 days, following the 




Neither kmd1/2, kmd1/4 and kmd1/2/4 mutants nor oeKMD1-GFP, displayed statistically significant 
differences in their total Pi content, compared to WT plants (Figure 23-C). However, Pi contents appeared to be 
slightly higher in oeKMD1-GFP-82 shoots and roots independently of Pi and Suc availability in the growth media, 
compared to WT plants, with the exception of the  -Suc/-Pi treatment (Figure 23-C). In contrast, in the double and 
triple mutants, there was variation oin Pi content depending on the tissue, and both Pi and Suc exogenous supply. 
Thus, in the presence of Suc, there was a different Pi accumulation in roots and shoots of kmd1/2, kmd1/4 and 
kmd1/2/4 mutants, represented by slightly lower and higher levels in the shoot and the root, respectively (Figure 
23-C). When Suc was the limiting factor, Pi levels in both shoot and root tissue, were lower than in WT tissues, with 
the exception of Pi levels found in the shoot under  -Suc/-Pi conditions (Figure 23-C).  
oeKMD1-GFP-82
+Pi
Figure 22. KMD1-GFP overexpressor plants. KMD1 full length cDNA fused to the
GFP at the C-terminus was stably expressed under the control of the 35S
promoter in WT background plants. (A) KMD1 relative gene expression
represented in a linear scale, in two homozygous independent oeKMD1-GFP (-





























































analysis was performed by RT-qPCR using the TaqMan ®Universal ProbeLibrary System (UPL) with ACT8 as housekeeping
reference. Values and error bars are means ± SD. (B) Immunoblot detection of KMD1-GFP fusion in total protein extracts
from shoot and root tissues of oeKMD1-GFP seedlings, grown 9 days in +Pi, -Pi and –Suc solid media. The oeSPX1-GFP line
was included as a technical positive control. Anti-GFP antibody was used to detect KMD1-GFP and SPX1-GFP fusions, and
anti-RPT5 (Regulatory Particle 5) was used as loading control. (C) oeKMD1-GFP-82 plants at different stages of







Slight differences in shoot coloration were observed in the double and triple kmd mutants, so the 
anthocyanin accumulations levels were measured in comparison with WT shoots (Figure 23-D). Independently of 
the Pi or Suc external supply, kmd1/2, kmd1/4 and kmd1/2/3 accumulated higher amounts of anthocyanins than 
the WT plants, with statistically significant differences found mainly in the case of kmd1/2/4 (Figure 23-D). 
Conversely, oeKMD1-GFP-82 plants accumulated similar or lower levels of anthocyanins compared to WT plants 




















Figure 23. Pi-starvation responses in plants with KMD1, KMD2 and KMD4 altered expression. kmd1/2, kmd1/4, kmd1/2/4,
oeKMD1-GFP and WT lines were grown for 10 days in a (A) liquid hydroponic system, following the experimental design in
(B), with variable Pi and sucrose concentrations: -Pi, low Pi (50µM KH2PO4/K2HPO4), +Pi (500µM KH2PO4/K2HPO4), -Suc and
+Suc (1% sucrose). Shoot and root tissues were harvested separately. (C) Pi content in shoots (top) and roots (bottom)
represented as relative to WT in each treatment. (D) Anthocyanin content in shoots, relative to WT in each treatment. In

























































































6.4.1. Pi and sugar sensitivity of plants of KMDs altered expression 
 
 Based on the previously reported positive bidirectional interaction between Pi-starvation and sugars 
signaling (Franco-Zorrilla, et al., 2005), we investigated the involvement of KMDs in the Pi-sugar cross-talk. For this, 
kmd1/2, kmd1/4, kmd1/2/4, oeKMD1-GFP-82 and WT seedlings were grown during 10 days in Suc-sufficient (1%) 
solid media with different supply of Pi, as follow: 2mM, 10mM and 20mM KH2PO4/K2HPO4 (Figure 24).  
As a result, kmd1/2/4 plants were found to be hypersensitive to high concentrations of Pi (20mM 
KH2PO4/K2HPO4) in the growth media, represented by a statistically significant differences in their fresh weight (FW 
g/seedling) compared to WT controls (Figure 24-A and -D). Reciprocally, oeKMD1-GFP-82 displayed insensitivity to 





































































































Figure 24. Effect of high Pi treatments on plants with KMD1, KMD2 and KMD4 altered expression. kmd1/2, kmd1/4,
kmd1/2/4, oeKMD1-GFP and WT lines were grown for 10 days in solid media enriched with 2mM, 10mM and 20mM
KH2PO4/K2HPO4, and (A) fresh weight (FW) in grams (g) per seedling, (B) anthocyanin content, and (C) free intracellular Pi
content were measured. Measurements are presented relative to WT in each treatment, and values and error bars are
means ± SD. Statistical significance was determined by t-test [(∗) (p<0,05); (**) (p<0,01)]. (D) Pictures of seedlings used





Additionally, KMDs mutants showed higher anthocyanin content relative to the WT plants (Figure 24-B; 
see also Figure 23-D), which was particularly evident in kmd1/2/4 plants under high Pi exogenous supply (20mM 
Pi treatments) (Figure 24-B). It is worth mentioning that, the previously described effects on Pi sensitivity and 
anthocyanin accumulation by the altered expression of the KMDs, seems to be independent of the Pi content, 























































































1% Suc 13% Suc
D
Figure 25. Effect of high sucrose treatments in plants with KMD1, KMD2 and KMD4 altered
expression. kmd1/2, kmd1/4, kmd1/2/4, oeKMD1-GFP and WT lines were grown for 10 days in
solid media with different sucrose (Suc) supplys: 0%, 1%, 5%, 9% and 13%. (A) Fresh weight (FW)
in grams (g) per seedling, and (B) anthocyanin content were measured. Measurements are
presented relative to WT in each treatment, and values and error bars are means ± SD. Statistical
significance was determined by t-test [(∗) (p<0,05); (**) (p<0,01)]. (C-D) Pictures of seedlings
used for analysis presented in (A-B). In (C) details of the beam and the underside of the leaves
are shown. (D) Representative pictures of kmd1/2/4, oeKMD1-GFP and WT seedlings grown




Sugar sensitivity was evaluated in kmd1/2, kmd1/4, kmd1/2/4 and oeKMD1-GFP plants. For that purpose, 
plants were germinated and grown for 10 days in Pi-complete (1mM Pi) solid media with increasing concentration 
of Suc, as follows: 0%, 1%, 5%, 9% and 13% (Figure 25).  
Plants ectopically expressing KMD1 were more resistant to high Suc concentrations than the WT controls, 
represented by statistically significant higher fresh weight per seedling (FW g/seedling) values, at 13% Suc 
treatments (Figure 25-A and -D). In addition, kmd1/2/4 mutants displayed hypersensitivity to Suc starvation as the 
FW per seedling was significantly lower in comparison to WT seedlings grown under Suc limiting conditions (Figure 
25-A and -C). Control experiments in which mannitol (150mM and 300mM) substituted Suc were carried out in 
parallel, and no difference between genotypes appearance and FW per seedling was observed (data not shown), 
excluding differences attributable to osmotic effects.  
Notorious over accumulation of anthocyanins was observed in kmd1/2, kmd1/4 and, especially, in 
kmd1/2/4 mutants, compared to WT seedlings, at high Suc concentrations (Figure 15-B-C). It is worth noting that 
the higher difference was found between 5% and 7% Suc. At higuer Suc concentrations, such as 9%, a statistically 
significant difference was still found in kmd1/2/4 relative to WT, however at a lower extent. This can be explained 
by increased anthocyanin accumulation in WT controls at 9% Suc.  
 
6.4.2. Interaction of cytokinins with sugar- and Pi-starvation signaling pathways in plants with 
altered expression of KMDs 
 
Taking in account the bidirectional antagonist interactions between cytokinin and both sugar and Pi-
starvation signaling pathways (Franco-Zorrilla et al., 2005), we tested the effect of cytokinin treatments in the 
response of plants with altered expression of KMDs to  -Pi and/or variation in Suc supply. For this, a root growth 
response assay was carried out, growing kmd1/2/4, oeKMD1-GFP-82 and WT seedlings in the presence or absence 
of Pi and Suc in combination with kinetin treatments (Figure 26).  
In general, cytokinins exogenous supply has a negative effect on the primary root (PR) growth, mainly due 
to the negative effect over the root meristem size (Hwang et al., 2002). oeKMD1-GFP-82 exhibited insensitivity to 
kinetin treatments, enhanced by Suc starvation, represented by statistically significant higher PR length in 
comparison with the WT seedlings (Figure 26-B -C). Reciprocally, kmd1/2/4 showed increased sensitivity to kinetin 




to determine the PR growth when Suc is available, in -Suc conditions Pi starvation decreased the kinetin-
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kmd1/2/3 oeKMD1-GFP WT phr1/phl1
+Pi -Pi +Pi -Pi +Pi -Pi +Pi -Pi
Figure 26. Primary root (PR) length is affected in plants with KMD1, KMD2
and KMD4 altered expression, in response to Pi, sucrose and kinetin
treatments. (A) kmd1/2/4, oeKMD1-GFP and WT seedlings grown during 9
days on vertical disposition, in +Pi and –Pi conditions. phr1/phl1 was used
as a –Pi response control. (B-C) kmd1/2/4, oeKMD1-GFP and WT lines
were grown during 4 days in FN solid medium, and subsequently they
were manually transferred to mediums without or with Pi (1mM
KH2PO4/K2HPO4), sucrose (Suc; 1% Suc) and kinetin (Kin; 100nM Kin), in
vertical disposition. The PR length was monitored during 8 days after
treatments were applied. (B) PR length relative to WT in each treatment,
after 8 days of treatment. Values and error bars are means ± SD, and
statistical significance was determined by t-test [(∗) (p<0,05); (**)
(p<0,01)]. (C) Example of the effect of the combined treatment –Suc, +Pi
and +Kin, over the PR growth of kmd1/2/4, oeKMD1-GFP and WT
seedlings.






6.5. KMD1-4 HAVE CYTOPLASMIC AND NUCLEAR SUBCELLULAR LOCALIZATION 
 
To examine the subcellular localization of the KMD proteins, KMD1 and KMD4 were used as 
representatives of each of the two main branches of the KMDs subcluster (KMD1-2 and KMD3-4).  
 
In addition to the oeKMD1-GFP over-expressor lines described previously, stable transgenic plants 
expressing the full-length coding sequence of KMD4 fused to the GFP at the C-terminus (oeKMD4-GFP), under the 
control of the constitutive promoter 35S, were established in Col-0 background. Two independent homozygous 
lines, oeKMD4-GFP-12 and oeKMD4-GFP-15, were analyzed in greater detail. KMD4 gene expression was 
determined by RT-qPCR, in plants grown during 9 days in +Pi solid mediums, and KMD4 transcript levels in the 
oeKMD4-GFP lines were found to be almost 10 times higher than the levels of endogenous KMD4 in WT seedlings 
(Figure 27-A-C). The immunoblot detection of KMD4-GFP fusion displayed the expected size, with higher 
accumulation of KMD4-GFP fusion in the root than in the shoot tissue (Figure 28-B).    
 
 oeKMD1-GFP-82 and oeKMD4-15 were grown for 5 days in +Pi, -Pi and -Suc conditions, after which they 
were examined by confocal laser scanning (Figure 28-D). In the root epidermal cells, KMD1-GFP and KMD4-GFP 
fusions localized in the cytosol and the nuclei. It is worth noting that, the stable constitutive expression of KMD4-
GFP in Arabidopsis showed less extensive network-like cytosolic distribution and more nuclear/nuclear periphery 
localization, in comparison to KMD1-GFP. Moreover, the subcellular localization of KMD1-GFP and KMD4-GFP 
fusions seems to be Pi- and Suc-starvation independent. The common cytosolic and nuclear localization of KMD1-















Figure 27. Cytosolic and nuclear localization of KMD1-GFP and KMD4-GFP fusions.
KMD4-GFP overexpressor plants were stablished by the expression of KMD4 full
length cDNA fused to the GFP at the C-terminus, under the control of the 35S
promoter in WT background plants. (A) KMD4 relative gene expression
represented in a linear scale, in two homozygous independent oeKMD4-GFP (-12
and -15) and WT lines, grown 9 days in +Pi conditions. The analysis was
performed by RT-qPCR using the TaqMan ®Universal ProbeLibrary System (UPL)
with ACT8 as housekeeping reference. Values and error bars are means ± SD. (B)
Immunoblot detection of KMD4-GFP fusion in total protein extracts from shoot
and root tissues of oeKMD4-GFP seedlings, grown 9 days in +Pi solid mediums.
oeSPX1-GFP line was included as a technical positive control. Anti-GFP antibody
was used to detect KMD4-GFP and SPX1-GFP fusions, and anti-RPT5 (Regulatory
Particle 5) was used as loading control. (C) oeKMD4-GFP-15 plants at different
stages of development: seedling grown in +Pi medium, young rosette, bolting plant
and mature plant. WT control plants are shown in Figure 21 and Supplemental
Figure 4. (D) Root epidermal cells of 5 days old oeKMD1-GFP-82 and oeKMD4-GFP-
15 seedlings, were observed by confocal laser scanning, using three different
magnifications. Plants were grown in three different nutritional conditions: FN, -Pi
























































6.6. KMD1-4 IN THE UBIQUITIN 26S PROTEASOME PATHWAY 
 
The SCF complexes are formed by four sub-units: CUL1, ASK, RBX1 and an F-box protein. In Arabidopsis, 
close to 700 F-box proteins have been identified, including the KMDs. In this work, is reported that CUL1 co-
immunoprecipitate with KMD1-GFP, KMD1-MYC and KMD4-GFP fusions in planta. Moreover, KMD1 and KMD4 
physically interact with some ASKs proteins in a heterologous system, and KMD1-MYC fusion is detected in an 
Arabidopsis total ubiquitinated proteins pull-down assay. All the above findings support the idea that the KMDs 
are part of a SCF complex in Arabidopsis and that KMD1-MYC fusion stability seems to be ubiquitin/proteasome 
independent.  
 
6.6.1. KMDs as a substrate adaptor subunits of SCF complexes in Arabidopsis 
 
As putative substrate adaptor subunits of SCF complexes, KMD proteins are expected to be detected 
assorted to SCF core subunits CUL1 and ASKs. In order to test this hypothesis, KMD1 and KMD4 were used as 
representatives of each of the two main branches of the KMDs subcluster (KMD1-2 and KMD3-4).  
 
In addition to the oeKMD1-GFP and oeKMD4-GFP over-expressor lines described previously, stable 
transgenic plants expressing the full-length coding sequence of KMD1 fused to the c-MYC tag at the C-terminus 
(oeKMD1-MYC), under the control of the constitutive promoter 35S, were established in WT Col-0 background. 
Two independent homozygous lines, oeKMD1-MYC-8 and oeKMD1-MYC-10, were selected for further 
characterization, based on the different levels of KMD1 gene expression found by RT-qPCR, in plants grown during 
9 days in +Pi solid mediums (Figure 28-A-C). oeKMD1-MYC lines displayed KMD1 transcript levels between 8 
(oeKMD1-MYC-8) and 20 (oeKMD1-MYC-10) times higher than endogenous KMD1 levels found in WT seedlings 
(Figure 28-A). oeKMD1-MYC-10 accumulates twice the amount of KMD1 transcripts than oeKMD1-MYC-8, and it 
correlated with KMD1-MYC protein levels, in both the shoot and the root tissues (Figure 28-B). This differential 
KMD1 levels in the two oeKMD1-MYC lines selected, represented an useful tool for further biochemical analysis 
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Figure 28. KMD1-GFP, KMD1-MYC and KMD4-GFP fusions physically
interact with CUL1 in planta. KMD1-MYC overexpressor plants were
established by the expression of KMD1 full length cDNA fused to the
c-MYC at the C-terminus, under the control of the 35S promoter in
WT background plants. (A) KMD1 relative gene expression
represented in a linear scale, in two homozygous independent
oeKMD1-MYC (-8 and -10) and WT lines, grown 9 days in +Pi
conditions. The analysis was performed by RT-qPCR using the
TaqMan ®Universal ProbeLibrary System (UPL) with ACT8 as
housekeeping reference. Values and error bars are means ± SD. (B)
Immunoblot detection of KMD1-MYC fusion in total protein extracts
from shoot and root tissues of oeKMD1-MYC seedlings, grown 9
days in +Pi solid mediums. oePHR1-MYC line was included as a
technical positive control. Anti-RPT5 (Regulatory Particle 5) was used
as loading control. (C) oeKMD1-MYC-10 plants at different stages of development: seedling grown in +Pi medium, young
rosette, bolting plant and mature plant. WT control plants are shown in Figure 21 and Supplemental Figure 4. (D-E)
Immunoblot detection of co-immunoprecipitated endogenous CUL1 after pulling down and (D) KMD1-GFP, KMD4-GFP
and (E) KMD1-MYC fusions total protein extracts from constitutive overexpressor plants (oeKMD1-GFP-82, oeKMD4-GFP-
15 and oeKMD1-MYC-10), grown during 9 days under +Pi conditions. The fusions (D) KMD1-GFP, KMD4-GFP, oeSPX1-GFP,
and (E) KMD1-MYC were immunoprecipitated (top panels) with anti-GFP fused to protein A-Sepharose® from
Staphylococcus aureus or with anti-Myc resin, respectively. The co-immunoprecipitated endogenous CUL1 (bottom
panels) was detected using anti-CUL1. In (D) oeSPX1-GFP was used as a negative control, and KMD1-GFP, KMD4-GFP and
SPX1-GFP fusions were detected using anti-GFP. In (B) and (E), anti-MYC and anti-mouse antibodies were used to detect







In order to test whether KMD1 and KMD4 can be detected in association with CUL1 in planta, 
immunoprecipitation assays were carried with total protein extracts from oeKMD1-GFP-82, oeKMD4-GFP-15 and 
oeKMD1-MYC-10 seedlings (see 5.6.3.1. Immunoprecipitation of tagged fusions). As a result, CUL1 was found to 
co-immunoprecipitate with KMD1-GFP, KMD1-MYC and KMD4-GFP fusions (Figure 28-D-E), indicating a positive 
association between KMDs and CUL1 in planta. 
In Arabidopsis, the ASKs superfamily groupes 21 members (Risseeuw et al., 2003), divided in two main 
types: ASK1-19 (type I) which exhibit significant similarity within the H8 domain and are most closely related to the 
human SKP1 group of orthologs (Risseeuw et al., 2003), while ASK20-21 (type II) that are much larger than type I 
genes and encode chimeric proteins (Kong et al. 2007).  
Considering the diversification of ASKs in Arabidopsis from a single ancestral copy in the most recent 
common ancestor (MRCA) of eudicots and monocots (Kong et al. 2007), and a recent study indicating that only a 
subset of ASK proteins participate in SCF activities (Kuroda et al., 2012), a phylogenetic reconstruction of the 
Arabidopsis ASKs was performed, in order to ensure the selection of representatives from different branches of 
the phylogeny, for further interaction studies with KMD1 and KMD4 in a heterologous system. The phylogenetic 
tree was constructed based on the full-length aa sequences, using ClustalX and the Neighbor-Joining (NJ) method 
with 100 times bootstrap (Figure 29). 
Yeast AH109 strain was used to co-transform the full-length coding sequence of KMD1, KMD4 and 15 
different ASK proteins, fused to the GAL4 DNA-binding domain (BD) and/or to the activation domain (AD). ASK1, 
ASK2, ASK6, ASK8, ASK10, ASK14 and ASK18 cloned into the pGAD were kindly provided by Dr. Juan Carlos del Pozo 
(Centro de Biotecnología y Genómica de Plantas UPM-INIA, Madrid, Spain). The co-transformed cells were subject 
to an auxotrophic complementation test in SD-WLA and SD-WLHA media, supplemented with an increasing range 
of 3-AT (Figure 29). 
The results of the yeast co-transformation assays suggested that KMD1 and KMD4 weakly interactions with 
most of the different ASKs tested, preferentially with the closely related ASK1, ASK2 and ASK11, and with the distant 
























































































Figure 29. KMD1 and KMD4 interact with ASKs in a Y2H system. Y2H assays using full-length KMD1, KMD4 and a collection of ASKs. The
figure composition is based on the ASKs phylogenetic reconstruction based on the full-length aa sequences, and performed using ClustalX
and the Neighbor-Joining (NJ) method with 100 times bootstrap. Co-transformed yeast cells were subject to an auxotrophic
complementation test in SD-WLA and SD-WLHA media supplemented with an increasing range of 3-amino-1,2,4-triazole (3-AT). Cells
were co-transformed using KMD1 and KMD4 fused to BD or AD, and the corresponding complementation empty vector as a auto-





Since in a SCF complex, CUL1 brings the F-box and the Ub-E2 intermediate into close physical proximity to 
enable Ub transfer to a target protein (Zheng et al., 2002b), it is expected that Ub molecules and substrate adaptors 
can display a physical asociation due to an E2/E3 transient interaction. To determine whether such association, 
oeKMD1-MYC-10 seedlings were grown for 9 days under +Pi conditions, and total protein extracts were incubated 
with p62 agarose (p62) that displays high affinity for Ub molecules and binds them in a non-covalent manner. The 
pull-down output was used for the immunoblot detection of KMD1-MYC fusion, using anti-MYC antibody (Figure 
30). KMD1-MYC fusion was clearly detected in the total ubiquitinated protein pulldown output, suggesting the 
presence of KMDs in SCF complexes in planta (Figure 30). However, KMD1-MYC fusion detection could be also 




It is widely accepted that the major meaning of the Ub labeling of a protein is the regulation of its stability 
by means of triggering degradation via the 26S proteasome. MG132 proteasome inhibitor is been widely used as 
a tool to unravel ubiquitin/proteasome-dependent destabilization of target proteins. Indeed, MG132 treatments 
inhibits the proteasome activity, resulting on the accumulation of proteins intended for degradation via the 26S 
proteasome. Accordingly, MG132 treatments were performed in both stable and transient systems to test whether 
KMD1 is the subject of Ub labeling itself.   
 
 







- p62 - p62 Figure 30. KMD1-MYC is detected in ubiquitinated proteins pull-
down assay. Total ubiquitinated proteins were purified by
incubation of total protein extracts of 9 days old oeKMD1-MYC-
10 seedlings, with p62 resin (p62) or with no-ubiquitin affinity
agarose (-). The total ubiquitinated proteins were detected with
an anti-Ub antibody (top panel). KMD1-MYC fusion was




oeKMD1-MYC-10 seedlings were grown for 9 days in +Pi conditions and then manually transferred to MS 
liquid medium supplemented with 50µM MG132 (Sigma-Aldrich) for  12h (Figure 31-A). In a similar way, agro-
infiltrated Nicotiana benthamiana leaves transiently expressing 35S::KMD1-MYC, were sliced in squares and 
incubated following the previous description (Figure 31-B). Total protein extracts were used to detect KMD1-MYC 
fusion levels in MG132 treated and un-treated samples, and immuboblot detection was performed using anti-MYC 
antibody (Figure 31). KMD1-MYC fusion levels were not affected by MG132 treatments, indicating that the stability 
of KMD1-MYC fusion is independent of the ubiquitin/26S proteasome pathway. Therefore the Ub labeling of KMD1 




6.6.2. Dimerization ability of Arabidopsis KMD proteins 
 
In mammals, dimerization of F-box proteins has been described as a regulatory factor for substrate 
interactions (Welcker, et al., 2007). To get insight on KMD dimerization capacities, AH109 yeast strain was co-
transformed with different combinatorial possibilities between the full-length coding sequences of KMD1, KMD2 
and KMD4, fused to the GAL4 DNA-binding domain (BD) and to the activation domain (AD). Co-transformed cells 
were subjected to an auxotrophic complementation test in SD-WLA and SD-WLHA media, supplemented with an 























Figure 31. KMD1-MYC levels are unaffected by MG132
proteasome inhibitor treatments. Immunoblot detection of
KMD1-MYC fusions in total protein extracts from (A) oeKMD1-
MYC seedlings, and from (B) Nicotiana benthamiana leaves
transiently expressing 35S::KMD1-MYC and 35S::PHR1-MYC.
Seedlings and transfected leaves were treated with or without
MG132 proteasome inhibitor. In (B), PHR1-MYC was included as
MG132 treatment positive control. In (A) and (B) KMD1-MYC
and PHR1-MYC fusions were detected with anti-MYC and anti-





Results indicated that KMDs are able to dimerize, mainly as heterodimers. Thus, KMD1 and KMD2 
displayed a positive but weak homodimerization capacity (Figure 32-A), the different combinatorial possibilities of 
heterodimetization showed clear yeast growth under SD-WLA with 3-AT for KMD1, KMD2 and KMD4 (Figure 32-
B). Moreover, KMD1,2 had displayed strong ability to form heterodimers as show by growth of co-transformed 

























Figure 32. KMD1, KMD2 and
KMD4 physically interact in Y2H
analysis. In yeast co-
transformation assays, full-length
KMD1, KMD2 and KMD4 were
used to evaluate their ability for
(A) homodimerisation and of (B)
heterodimerisation, of KMD1,
KMD2 and KMD4. Co-
transformed yeast cells were
subjected to an auxotrophic
complementation test in SD-WLA
and SD-WLHA media
supplemented with an increasing
range of 3-amino-1,2,4-triazole
(3-AT). Cells were co-
transformed with BD-PHR1/AD-
SPX1 as positive control. Yeast





6.7. ISOLATION OF POTENTIAL PROTEIN TARGETS OF KMD1 
 
As part of SCF complexes, F-box domain-containing proteins physically interact with protein targets, 
recruiting them for further labeling with ubiquitin moieties and, thereby, determining the fate of the labeled 
proteins. At the beginning of this study, target proteins of SCFKMD complexes in the context of the Pi starvation 
adaptive responses remained unknown, leaving an information gap about the molecular basis of KMD activity and 
the impact of post-translational regulation in the control of Pi signaling. To identify potential targets of KMD 
proteins with a role in Pi starvation responses, a Y2H mating screen was conducted using KMD1 as bait. The full-
length coding sequence of KMD1 fused to the GAL4 DNA-binding domain (BD) was used to transform Y187 yeast 
cells and a bait self-activation test was performed (Figure 33).  
 
As a result, we found that the BD-KMD1 fusion itself does not activate the transcription of the reporter 
gene lacZ being then suitable as bait in a Y2H mating screening (Figure 33). Next, a cDNA library (AH109 yeast 
strain) prepared with mRNAs purified from Pi-starved Arabidopsis seedlings (Puga et al., 2014) was used to perform 





















Figure 33. Screening for protein-protein interactions in a Y2H system using KMD1 as bait. (A) Negative bait self-activation
test for BD-KMD1 in the yeast strain Y187, using the non-lethal β-GAL assay after 2 days of growth in SD-W. pGBKT7 (BD)
and BD-PHR1 were used as negative and positive control, respectively. (B) Mating efficiency test between Y187 strain (BD-
KMD1) and AH109 strain (AD-library proteins) and determination of the number of screened clones, after 3 days of
growth in SD–L and SD-WL, using a 10-fold dilutions series.











































No. of cfu/ml in –L: Viability of prey library
No. of cfu/ml in –WL: Viability of diploids
Mating Efficiency Test:




the mating efficiency of the yeast strains AH109 and Y187 (SD-L and SD–WL) and to further select positive two-
hybrid interactions (SD-WLH 0.5mM 3AT and SD–WLHA 0.5mM 3AT). After 4 days of incubation, the mating 
efficiency was represented by approximately 1.9% of diploid clones (Figure 33-B) and, from a total of ~12 million 
clones screened, 289 primary diploid colony-forming units (cfu) were selected and replicated (SD-WL) for further 
analysis (data not shown).  
To analyze the viability and strength of the protein-protein interactions present in the primary diploid 
clones, yeast auxotrophy test and non-lethal β-galactosidase assays were conducted on 247 yeast clones that were 
successfully recovered after 2 days of cfu growth in dropout medium SD–WL (example in Supplementary Table 3). 
Among them, 99 clones were selected for gene identification by plasmid sequencing, following a selection criteria 
based on a wide coverage of protein-protein interaction strengths, from weak to strong interactions (e.g. clones 4 
and 46 in Supplementary Table 3, respectively).  
Yeast plasmids from selected clones (99) were transformed back into E. coli, so as to facilitate the 
sequencing process. Sequence data was analyzed based on the presence of open reading frames and searched 
against public Arabidopsis databases. Correct reading frames with the two lysine codons (AAA AAA) found in the 
attL1 recombination site, was established in 89 cases. Prey identity search of these 89 nucleotide sequences was 
conducted using a BLASTX search (nucleotide (nt) query, aa database (db)) against the TAIR10 Proteins dataset. A 
total of 63 Arabidopsis Gene Initiative (AGI) gene index numbers were identified, representing genes coding for 
potential KMD1 protein targets (Supplemental Table 3).  
An overview of the list of KMD1 interactors indicates that it covers a broad range of functional pathways 
(BINs), according to the MapMan Ontology tool (a set of 34 tree-structured BINs, describing the central metabolism 
as well as other cellular processes from Arabidopsis), were the high-level BINs Photosystem, Reduction-Oxidation 
(Redox), Sulfur-assimilation (S-assimilation), Fermentation, DNA and Secondary metabolism are over-represented 
with a p-value<0.05 (Figure 34-A).  
Moreover, 7 high-level BINs grouped a total of 12 AGIs with multiple entries in the KMD1 interactors list 
(Figure 34-B). Multiple entries of an AGI in the preys list of a Y2H mating screening constitutes an indirect evidence 
of the quality of a specific protein-protein interaction (independent diploids with the same AGI identity ≥2). 
Thus, preys that are both grouped in an over-represented BIN and represented by multiple entries, are 
high-confidence outputs from a Y2H mating screening. According to this criteria, KMD1 potential targets for 
ubiquitination were: i) Secondary metabolism-related protein Phenylalanine Ammonia-Lyase 2 (PAL2; first enzyme 




(PGR1), Ribulose Bisphosphate Carboxylase Small Chain 1A (RBCS1A) and Fructose-bisphosphate Aldolase 2 
(FBA2), involved in light reactions and the Calvin cycle; and iii) Redox-related thioredoxin proteins like the product 





















































































































































Figure 34. Over-representation analysis of KMD1 Y2H interactors grouped by BINs. A) BINs with p-value<0.05 are over-
represented in the list of potential KMD1 interactors according to the MAPMAN tool (Usadel et al. 2006), using TAIR8
genes as control group. The bar represents p-value + (1 – p-value) = 1. (B) Proteins identified by Y2H mating analysis as
interactors of KMD1 represented by two or more than two independent yeast clones. The list includes the yeast clone ID
(Clones ID), the number of independent yeast clones representing each potential KMD1 prey (Clones No.), the AGI code,
the protein name and description (TAIR8), and the BINs according to MAPMAN tool (Usadel et al. 2006). In (A) (1 – p-





6.8. KMD PROTEINS FACILITATE PAL2 DEGRADATION BY THE 26S PROTEASOME  
 
To cope with varying degrees of Pi stress, plants have evolved a number of adaptive mechanisms that 
involve developmental, physiological and metabolic changes. During Pi starvation, the secondary metabolism plays 
a key role improving plant survival, especially by means of the accumulation of anthocyanin pigments that protect 
the shoots against free radicals released during photoinhibition, which takes place when nutrients like Pi or N are 
limiting (Trull et al., 1997; Nilsson et al., 2007). 
Anthocyanins are flavonoid pigments synthesized via the phenylpropanoid pathway. Phenylalanine 
ammonia lyase (PAL) mediates the first and committed step in the phenylpropanoid pathway, catalyzing the 
conversion of L-phenylalanine to ammonia and trans-cinnamic acid. In Arabidopsis, PAL is encoded by four genes, 
one of which codifies for a well-supported KMD1 prey in our Y2H mating screening, PAL2.  
In the context of Pi starvation, PAL2 (At3g53260) transcript levels increase in the shoot of WT plants under 
Pi-limiting conditions, while PAL2 transcription is down-regulated in phr1/phl1 double mutants, indicating a role 
for PHR1/PHL1 in the regulation of PAL2 expression (Supplemental Table 3: clones 4, 18, 117, 199 and 285) (Bustos 
et al., 2010).   
In order to determine whether SCFKMD controls PAL2 activity at the posttranslational level, we first analyzed 
the ability of KMD1/2/4 to interact with PAL2 both in Y2H assays and in planta. 
 
6.8.1. Y2H analysis of KMD1/2/4 and PAL2 interaction 
 
Targeted Y2H assays were used to further validate the physical interaction between KMD1 and PAL2 
proteins (Figure 35), and to evaluate a potential functional redundancy between KMD1/2/4 proteins towards PAL2. 
For this, the full-length coding sequence of the three KMD proteins and PAL2 were amplified and fused to BD and 
AD, and co-transformed into AH109 yeast cells. BD-KMD1/2/4 and PAL2-AD fusions did not self-activate the 
transcription of the reporter genes in the presence of empty AD and BD constructs, respectively, being appropriate 







Yeast co-transformations were performed using both BD-KMD1/2/4 and PAL2-AD constructs and 12 




The yeast auxotrophy test showed that all three KMDs interact with PAL2 in a strong manner, although 
differences in the strength of each interaction could be observed. Thus, KMD1 and KMD2 diploid clones showed 
an intense proliferation in highly restrictive dropout media, whereas KMD4 showed a less intense growth, 
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Figure 35. Interaction of KMD1/2/4 with PAL2
and other phenylpropanoids biosynthesis-
related proteins. (A) Yeast auxotrophy test and
non-lethal β-GAL assay of the independent
yeast clones representing proteins involved in
the phenylpropanoid biosynthesis pathway,
found in a Y2H mating screening with BD-
KMD1 as bait. (B) Yeast auxotrophy test of
AH109 yeast clones harboring BD-KMD1/2/4
and PAL2-AD fusions. Conjugated (A) and co-
transformed (B) yeast clones were grown
during 4 days in dropout media SD–WLH, SD–
WLHA and SD–WLA (-H dropout mediums were
supplemented with 0.5, 2, 5, and 10mM 3-AT).





6.8.2. Establishment and characterization of transgenic Arabidopsis plants constitutively over-
expressing PAL2 
 
In order to determine if the physical and functional interaction between KMD1/2/4 and PAL2 is taking 
place in planta and whether this interaction leads to PAL2 ubiquitination and degradation by the 26S proteasome, 
the constitutive 35S promoter was used to drive the expression of PAL2 full-length coding sequence fused to the 
GFP at the C-terminus, in both transient and stable expression systems. For the last one, Col-0 background plants 
were used to establish stable transgenic oePAL2-GFP lines. Two independent T2 homozygous lines, oePAL2-GFP-
32 and oePAL2-GFP-42, were selected for further characterization, based on the different levels of PAL2  gene 
expression found by RT-qPCR in plants grown during 12 days in +Pi solid media (Figure 36-A). oePAL2-GFP-32 and 
oePAL2-GFP-42 transgenic lines exhibited PAL2 mRNA levels 10-fold and 20-fold higher, respectively, than the 

































































Figure 36. PAL2-GFP overexpressor plants. The two independent homozygous
T2 Arabidopsis (Col-0 ecotype) transgenic lines, oePAL2-GFP-32 and oePAL2-
GFP-42, were characterized under different Pi and sucrose (Suc) supplies. (A)
qRT-PCR analysis of PAL2 mRNA levels in oePAL2-GFP lines compared to
endogenous PAL2 in wild-type (WT) plants. Plants were grown in Pi-sufficient
(+Pi), -Pi and -Suc conditions. Data was obtained using the TaqMan ®Universal
ProbeLibrary System (UPL) and is expressed as gene expression relative to WT, after normalization to mRNA levels of
ACT8 housekeeping reference. Values and error bars are means ± SD. (B) Total protein extracts from oePAL2-GFP roots
and shoots were analyzed by immunoblot (IB) with anti-GFP antibody, and anti-RPT5 (Regulatory Particle 5) was used as
loading control. All panels belong to the same immunoblot for each antibody. (C) oePAL2-GFP-32 plants at different
stages of development: seedling grown in +Pi medium, young rosette, bolting plant and mature plant. WT control plants





Despite the constitutive character of PAL2-GFP overexpression in oePAL2-GFP-32 and oePAL2-GFP-42, 
posttranslational regulation of PAL2 occurs in response to Pi and Suc availability in the growth media, in both shoot 
and root tissues, where accumulation of PAL2-GFP fusion mainly occurs in –Pi (Figure 36-A-B).   
 
Since PAL proteins enable the flux of primary metabolites into the phenylpropanoid pathway (Bate et al., 
1994; Cochrane et al., 2004), the functionality of the PAL2-GFP fusion, was determined by measuring the 
anthocyanins levels in oePAL2-GFP lines. In a first instance, oePAL2-GFP overexpressor lines showed no apparent 
change in their overall appearance in comparison with the WT plants (Figure 36-C). 
 
Anthocyanins levels were 3-fold higher than in the WT under low Pi conditions (30µM), in both oePAL2-
GFP-32 and oePAL2-GFP-42 lines, as well as in 100µM Pi, although at lesser extent (Figure 37-A-B). A difference in 
the anthocyanin phenotype was found between oePAL2-GFP-32 and oe-PAL2-GFP-42 lines in response to –Pi 
(Figure 37). Thus, whereas oePAL2-GFP-32 plants exhibited similar anthocyanin accumulation as in the WT, after 
11 days of groth in the total absence of Pi, the levels displayed by oePAL2-GFP-42 plants were almost 2-fold lower 
than in the WT (Figure 37-A).  
 
The defect in anthocyanin accumulation found in oePAL2-GFP-42 plants in -Pi maybe related with their 
higher PAL2 overexpression levels (Figure 36-A), because both PAL activity and PAL gene transcription are 
negatively regulated by biosynthetic intermediates (Zhang, et al., 2015). Interestingly, KMD1-4 were up-regulated 
in oePAL2-GFP-32 but not in oePAL2-GFP-42 in +Pi and -Pi conditions (Figure 37-C), which may be also related with 
overexpression level of PAL2. Due to the negative regulation that seems to be taking place on PAL function in the 
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Figure 37. Anthocyanins content in
PAL2 overexpressors in response to
different Pi regimes. oePAL2-32,
oePLA2-42, phr1/phl1 and WT
seedlings were grown during 11 days
in different Pi concentration, as follow:
-Pi, 30µM, 100µM and 2mM
KH2PO4/K2HPO4. (A) Anthocyanin


























average of six biological replicates (n=6), relative to WT in each treatment, ± SD. (B) Pictures of seedlings used for analysis
presented in (A). (C) KMD1-4 relative gene expression analysis was performed by RT-qPCR using the SYBR® Green dye
system with UBQ10 as housekeeping reference. Values and error bars are means ± SD. (D) Detailed pictures of oePAL2-
GFP-32, oePAL2-GFP-42, phr1/phl1 and WT seedlings grown under -Pi. phr1/phl1 mutant was included as a control.





To examine the localization of the PAL2-GFP fusion in response to Pi and Suc availability, 5-days-old oePAL2-
GFP-32 roots were observed under the confocal microscope and an invariable cytosolic localization was found 




6.8.3. KMD1 and PAL2 physically interact in planta 
 
To determine whether KMD1 and PAL2 interact in planta, stable and transient expression systems were 
used to co-express KMD1-MYC and PAL2-GFP fusions.  
 
Thus, Arabidopsis transgenic lines overexpressing both PAL2-GFP and KMD1-MYC (oePAL2-GFP-
32/oeKMD1-MYC-8 and oePAL2-GFP-32/oeKMD1-MYC-10) were established by cross-pollination using oeKMD1-
MYC-8 and oeKMD1-MYC-10 pollen onto oePAL2-GFP-32 pistils. T1 seeds were collected and used for further 
analysis. The heterozygous state of each insertion loci, KMD1-MYC and PAL2-GFP, in the T1 generation was 
overcome by increasing the size of the population under analysis (n≥60 seedlings in each biological replicate). In 
the other hand, N. benthamiana leaves were co-agroinfiltrated with A. tumefaciens clones harboring the 
35S::KMD1::MYC and 35S::PAL2::GFP constructs, in the presence of the P19 suppressor of gene-silencing protein. 
In both systems, KMD1-MYC and PAL2-GFP were found to co-immunoprecipitate independently on the 
partner used in the initial immunoprecipitation (IP). Therefore, as shown in the Figure 39-A, KMD1-MYC was 
+Pi -Pi -Suc
Figure 38. Cytosolic localization of PAL2-GFP fusion.
Root epidermal cells of 5 days old oePAL2-GFP-32
seedlings, were observed by confocal laser scanning,
using three different magnifications. Plants were
grown in three different nutritional conditions: +Pi, -Pi




detected by immunoblotting in PAL2-GFP immunoprecipitates. Likewise, PAL2-GFP was detected after 
immunoprecipitating KMD1-MYC from crude lysates of N. benthamiana leaves (Figure 39-B).  
 
These results indicate that PAL2 and KMD1 proteins physically interact in planta and, therefore, that PAL2 







PAL2-GFP + + - - -


















KMD1-MYC 5 5 0 10
PAL2-GFP 5 5 10 0






KMD1-MYC + + - +






















Figure 39. PAL2 interacts with KMD1 in planta.
(A-B) Co-immunoprecipitation (Co-IP) of GFP-
tagged PAL2 and MYC-tagged KMD1 proteins in
both (A) stable and (B) transient expression
systems. (A) Immunoprecipitation (IP) of PAL2-
GFP fusions was performed using soluble
protein extracts prepared from 12-days-old
seedlings corresponding to oePAL2-GFP-32 and
two independent T1 oePAL2-GFP/oeKMD1-MYC
(-8 and -10) lines. Total extracts (INPUT) and IPs
were subjected to immunoblot (IB) analysis with
anti-GFP and anti-MYC antibodies to detect
PAL2-GFP and co-immunoprecipitated KMD1-
MYC, respectively. (B) IP of KMD1-MYC fusion
from total native extracts of co-agroinfiltrated
(35S::PAL2::GFP and 35S::KMD1::MYC) N.
benthamiana leaves. The lysates (INPUT) were
incubated with anti-c-MYC agarose bead. As a
negative control 35S::GFP and 35S::KMD1::MYC
co-agroinfiltrated leaves were used. Anti-MYC
antibody was used to detect KMD1-MYC (IP
upper panel) and anti-GFP antibody was used to
detect co-immunoprecipitated PAL2-GFP (IP
lower panel). In (A-B) tables at the bottom
indicate the presence/absence (+/-) of each




6.8.4. PAL2 is ubiquitinated and degraded by the 26S proteasome  
 
The fact that PAL2 interacts physically with KMD1/2/4 components of SCF E3 complexes, opens up the 
possibility that PAL2 is a substrate of the UPS pathway. To test this possibility, the above-mentioned transient and 
stable expression systems were used along with ubiquitinated-protein affinity purification assays and 26S 
proteasome degradation experiments, respectively.   
To detect Ub modifications on PAL2, Ub-conjugated proteins were purified in bulk from N. benthamiana 
leaves transiently overexpressing PAL2-GFP, using commercially available p62 resin that has an affinity for Ub and 
binds it in a non-covalently manner (Figure 40). PAL2-GFP was detected, by immunoblotting with an anti-GFP 
antibody, in the purified pool of ubiquitinated proteins but not when an empty resin was used (Figure 40), 




Consequently, in order to assess if PAL2 is degraded at the 26S proteasome in Arabidopsis and weather 
KMD proteins are regulating such process, oePAL2-GFP-32/oeKMD1-MYC-8 and oePAL2-GFP-32/oeKMD1-MYC-10 
plants, as well as the parental lines oePAL2-GFP-32, oeKMD1-MYC-8 and oeKMD1-MYC-10 (Figure 41-A), were 
treated with proteasome inhibitor MG132 and analyzed by immunoblot with anti-GFP (Figure 41-B) and anti-MYC 
(Figure 41-C) antibodies. 
Upon proteasome inhibition, PAL2-GFP levels increased in both oePAL2-GFP/oeKMD1-MYC lines and in the 
oePAL2-GFP-32 parental line, compared with DMSO-treated controls (Figure 41-B), indicating that PAL2 is degraded 
via the ubiquitin-26S proteasome pathway. In contrast, that was not the case for KMD1-MYC because KMD1-MYC 
fusion accumulation was not altered by MG132 treatments (Figure 41-C). 
- + - - + + PAL2-GFP
+ + + + + + p19










Figure 40. PAL2 is an ubiquitin target. Affinity purification
of ubiquitinated PAL2-GFP from native extracts of N.
benthamiana leaves transiently overexpressing PAL2-GFP
(35S::PAL2::GFP) (3 days post-Agrobacterium-infiltration).
Protein extracts were incubated with ubiquitin (Ub)
binding-p62 resin or with empty agarose resin (negative
control). Anti-Ub antibody was used to detect total
ubiquitinated proteins (upper panel). Anti-GFP antibody
allowed the detection of the pulled down (PD) PAL2-GFP
(lower panel). Extracts from leaves infiltrated with P19
gene silencing suppressor (p19) were used as
immunoblot (IB) controls. The lower table indicates the





Immunoblot analyses using both oePAL2-GFP/oeKMD1-MYC and parental lines showed a clear reduction 
in PAL2-GFP fusion levels when it was co-expressed with KMD1-MYC fusion in Arabidopsis (Figure 41-B). Moreover, 
the levels of PAL2-GFP appeared to be inversely proportional to those of KMD1-MYC, as evidenced by lower levels 
of PAL2-GFP in oePAL2-GFP/oeKMD1-MYC-10 plants, where KMD1-MYC levels are higher than in oePAL2-
GFP/oeKMD1-MYC-8 (Figure 41-C). By analyzing the transcript levels of PAL2 and KMD1 in the above-mentioned 
























































Figure 41. KMD1 overexpression
promotes PAL2 protein degradation
through the Ub proteasome system.




established and used for (B-C)
immunoblot (IB) and (D) qRT-PCR
analysis. A) The T1 co-
overexpressor lines shared the
oePAL2-GFP genotype (oePAL2-
GFP-32) and differ in the oeKMD1-
MYC contribution (oeKMD1-MYC-8
and oeKMD1-MYC-10). (B-C) IB
analysis of (B) PAL2-GFP and (C)
KMD1-MYC levels in 10-days-old (B-
C) co-overexpressor lines oePAL2-
GFP-32/oeKMD1-MYC-8 and
oePAL2-GFP-32/oeKMD1-MYC-10
and in the parental lines (B)
oePAL2-GFP-32, (C) oeKMD1-MYC-
8 and oeKMD1-10, treated or not
(DMSO) during 8h with the
proteaosome inhibitor MG132 (50µM). In (B-C) the lower panel shows Ponceau staining of RuBisCO as loading control. (D)
qRT-PCR analysis for the expression of PAL2 and KMD1 in 12-days-old co-overexpressor lines oePAL2-GFP-32/oeKMD1-
MYC-8 and oePAL2-GFP-32/oeKMD1-MYC-10, and the parental lines oePAL2-32, oeKMD1-MYC-8 and oeKMD1-MYC-10,
grown in FN conditions. Analysis was performed using the TaqMan ®Universal ProbeLibrary System (UPL) with ACT8 as




6.8.4.1. KMDs altered expression impairs the biosynthesis of phenylpropanoids 
 
To assess the function of the KMDs in regulating phenylpropanoid biosynthesis by the regulation of PAL2 
stability (Figure 41), the content of different metabolites was examined using GC-MS technology on shoots from 
kmd1/2, kmd1/4,  oeKMD1-GFP-82 and WT seedlings grown during 11 days in +Pi solid medium.   
 Two intermediates from the phenylpropanoids biosynthesis pathway that are down-stream PAL2, were 
detected using GC-MS: ferulic acid and sinapic acid (detailed Phenylpropanoids biosynthesis pathway map in 
Supplemental Figure 5). Biosynthesis of ferulic acid is catalyzed by the caffeic acid 3-O-methyltransferase (COMT; 
Figure 6) from caffeic acid (Supplemental Figure 5) and it is an intermediate in the synthesis of lignans, and of 
monolignols, i. e., the monomers of lignin. Sinapic acid is biosynthesized by COMT as well, from the precursor 5-
hydroxyferulic acid methyl ester (Supplemental Figure 5), which in turn is produced by the ferulate 5-hydroxylase 
(F5H; Figure 6). 
A statistically significant increase in the ferulic and sinapic acids in both kmd1/2 and kmd1/4 was found 
relative to the endogenous levels in WT (Figure 43-A).  In contrast, clear decrease was found in oeKMD1-GFP-82, 
although without statistical significance (Figure 42-A).  
The content of intermediates from the phenylalanine, tyrosine and tryptophan biosynthesis, mainly 
represented by the shikimate pathway (Supplemental Figure 6) were analyzed to examine whether altered 
accumulation of metabolites in plants with KMDs altered expression also occurred up-stream of PAL2 activity. 
Shikimic acid (more commonly known as its anionic form shikimate) accumulation was not affected either in the 
double mutants or in oeKMD1-GFP-82 plants (Figure 42-B). Interestingly, the aa phenylalanine that is a final 
product of the shikimate pathway, showed a significantly lower content in kmd1/2 and kmd1/4 in comparison with 
WT (Figure 42-B), however other amino acids involved in the biosynthesis of plant secondary metabolites 
(Supplemental Figure 7), like aspartic acid and alanine were not affected (Figure 42-C) excluding a general defect 
on amino acids biosynthesis. Moreover, metabolites from relatively distant metabolic pathways were measured in 
order to establish the specificity of KMDs altered expression effect. As an example, intermediates from the 
ascorbate and aldarate metabolism (Supplemental Figure 8), like the lyxonic and saccharid acid were found not to 
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Figure 42. Phenylpropanoid intermediates in plants with KMDs altered expression. Levels of accumulation of intermediates from pathways
related and partially unrelated with the phenylpropanoids biosynthesis, in shoots of kmd1/2, kmd1/4, oeKMD1-GFP-82 and WT seedlings, grown
11 days in +Pi conditions. In (A) the phenylpropanoids biosynthesis intermediates ferulic acid and sinapic acid. In (B) the intermediate shikimic
acid and the product phenylalanine, from the so called phenylalanine, tyrosine and tryptophan byosinthesis pathway. In (C) the aminoacids
aspartic acid, alanine, and the intermediates lyxonic acid and saccharic acid. Values are presented as relative to WT, and are means of 5
biological replicates ± SD. Statistical significance was determined by t-test [(∗) (p<0,05); (**) (p<0,01)]. Metabolites were detected by GC-MS
technology. Pathway maps were taken from KEGG PATHWAY database (http://www.genome.jp/kegg/), and used as background. Complete






























Noteworthy, the decreased content of the phenylpropanoids intermediates ferulic and sinapic acids were 
not due to altered transcription of PAL genes, since PAL1-4 gene expression was up-regulated relative to the 
endogenous levels in WT seedlings (Figure 43) reflecting a positive feedback regulation of PAL expression in 
response to PAL turnover. PAL1-4 up-regulation was also observed in the KMD4 overexpressor line oeKMD4-15 
(Figure 43), suggesting that, similar to KMD1 overexpression, KMD4 altered expression also affects PAL 
stability/activity in planta. 
The higher levels of phenylpropanoids intermediates in the double mutants, despite the lower levels of 
the precursor phenylalanine, suggests that KMDs expression directly influences the turnover of PAL in planta, and 





























Figure 43. PAL1-4 gene expression in KMDs
overexpressor transgenic plants. qRT-PCR analysis of
PAL1-4 mRNA levels in the overexpressor lines
oeKMD1-GFP-82 and oeKMD4-GFP-15. Seedlings were
grown during 11 days in +Pi solid medium. Data was
obtained using the SYBR® Green dye system with
UBQ10 as housekeeping reference. Values and error
bars are means ± SD.




























7.1. PHOSPHATE RESPONSIVE UPS COMPONENTS 
The involvement of the UPS in Pi-signaling clearly goes beyond the previously described ubiquitin-
mediated modulation of Pi starvation responses (3.2.2.2.4. Ubiquitin-mediated modulation of Pi starvation 
responses). The transcriptional effect of long term Pi starvation and of the double mutation PHR1/PHL1 over 
different UPS gene super-families was analyzed, taking advantage from ATH1 Affymetrix data obtained by Bustos 
and collaborators (2010). It should be kept in mind that, in this analysis, inherent limitations in the expression 
arrays, such as incomplete representation of gene families and the loss of information derived from unspecific 
probe sets, and/or low gene expression levels, represent challenges to reliable measurements (Benjamini & 
Hochberg, 1995). Even if the representation of the gene super-families is heterogeneous in the ATH1 microarray, 
they are broadly represented. Thus, probe sets were found corresponding to more than 75% of the members of 
almost all gene super-families studied, except for HECT and F-box super-families. Thus, there is an information gap 
derived from more than 300 F-boxes without corresponding ATH1 probe sets, which needs to be examined by 
alternative expression profiling techniques.  
The transcriptional behavior of the overall UPS components in response to Pi starvation differed from that 
found in the global ATH1 probe sets. Indeed, Pi-responsive UPS components were, in general, slightly 
underrepresented. This is in agreement with the lack of overrepresentation of PHR1 binding sites in the promoter 
sequences of the UPS component genes (data not shown). However, by splitting the analysis in different gene 
families, over-representation of up-regulated genes in response to Pi deficiency in shoots became apparent in the 
case of the U-box family (binomial distribution analysis). This over-representation seems to be functionally relevant 
in the context of Pi homeostasis, as shown by analysis of a triple pub27/28/29 knockdown line which accumulated 
less Pi under different Pi conditions, similar to phr1 mutants (Rubio et al., 2001)). Interestingly, increased PUB28 
gene expression in response to low Pi is controlled by PHR1/PHL1 genes (Bustos et al., 2010), supporting the 
implication of this single-unit E3 family in the regulation of adaptive Pi-deficiency responses in Arabidopsis. In 
assessing the transcriptional effects of the double mutant phr1phl1 on the expression of UPS components, it is 
evident that the post-transcriptional regulatory processes that involve the UPS in Pi-deficiency responses are 
mainly under the control of PHR1(-like) TFs. Thus, most of the Pi-responsive UPS components exhibited reduced 
expression in the double mutant phr1phl1, both in shoots and in roots, and displayed concordant dynamic ranges 
(Bustos, et al., 2010). This transcriptional effect was independent of the representation of deregulated genes in 
each family. However, by comparing the overall transcriptional behavior of each gene super-family in phr1phl1 and 




receptors (both E3 complex components and monomeric E3 enzymes. Thus, PHR1/PHL1 was observed to 
significantly control Pi starvation-responsiveness of the F-box, BTB, PHD, DCAF, U-box and E2 families. PHR1/PHL1 
TFs also regulated expression of DUBs in Arabidopsis shoots, indicating that Ub deconjugation from specific protein 
targets and Ub recycling may play regulatory roles in the control of Pi starvation responses at the whole-plant level, 
and not specifically in roots as shown for UBP14 (Li et al., 2010).  
The relevance of the UPS system in the control of Pi signaling, was analyzed using weak cul1–6 and cul3hyp 
Arabidopsis mutant lines (note that null mutants are embryo-lethal), which partially affect the assembly and 
function of two different E3s: the SCF and CUL3- BTB complexes, respectively (Moon et al., 2007; Thomann et al., 
2009). Partial lack of CUL1 and CUL3 function should yield a reduction in the function of F-box and BTB proteins, 
including those that respond to Pi supply variations. The up-regulation of PSR genes in cul1–6 and cul3hyp 
hypomorphic mutants, suggest that specific SCF and CUL3-BTB complexes, which are only partly active in the 
aforementioned mutants, control the abundance of positive regulators of PSR gene transcription. The identification 
of specific substrate adaptors with the capacity to recruit regulators of the -Pi responses, as well as these targeted-
regulators will be of utmost importance.  
Within the F-box super-family, the FBK genes KMD1-4 were found to be  -Pi-repressed genes and tightly 
controlled by PHR1/PHL1 TFs (Bustos et al., 2010), while being forming a close sub-cluster within the phylogeny of 
the Arabidopsis F-box proteins (Gagne et al., 2002). Thus, KMDs represented good candidates as hypothetical 
repressors of the Pi-starvation responses.     
7.2. KMD1-4: GENE EXPRESSION PATTERNS AND PROTEIN FEATURES IN AN 
EVOLUTIONARY CONTEXT 
KMD1-4 are classic FBK multidomain proteins. While the F-box connects the protein via a restricted set of 
ASK adaptor proteins to the rest of the SCF complex, the C-terminal kelch repeats domain most likely recruit target 
proteins destined for Ub labelling. Even though FBKs are widespread in land plant genomes, there is hardly any 
experimental evidence addressing the function of the vast majority of these genes. However, their patterns of 
evolution are strongly suggestive, according with the phylogenetic reconstruction of the land plants FBKs, 
performed by Schumann and collaborators (2011). Unlike the work presented by Gagne and collaborators (2002), 
were only the 60-aa F-box motifs were used to build a phylogenetic reconstruction of the Arabidopsis F-box protein 
superfamily, in Schuman and collaborators the full length aa sequences of the FBKs found in seven different land 
plant species were used, allowing to turn the focus from the F-box domain to the Kelch repeats protein-protein 




collaborators (2011) reconstruction provided evolutionary insights as well as it represented a scaffold for functional 
analysis, of this large family of F-box proteins. 
For the evolutionary classification, Schumann and collaborators (2011) adopted the “stable/unstable” 
terminology proposed by Thomas (2006) and extended it with “super-stable” and “ancient” categories. Unstable 
genes are lineage specific without clear orthologs in the other species analyzed. Stable genes are conserved across 
species with orthologs in at least one additional species. Super-stable genes have orthologs in all analyzed species 
and, therefore, exhibit the highest degree of evolutionary conservation, and ancient genes has orthologs in at least 
one lower plant, one monocot and one eudicots species. Meaningfully, a distinction between plant stable and 
super-stable genes cannot be directly translated into the evolutionary age of the gene due to the possibility of 
gene losses in the individual species analyzed by Schumann and collaborators (2011). Based on the location of 
KMD1-4 in a super-clade composed by one ancient and two stable clades, it is conceivable that KMDs most likely 
became devoted to specific endogenous substrates long ago, as hypothesized by Thomas (2006) for stable F-box 
genes from three species of the nematode genus Caenorhabditis. Accordingly, strong evidence was found for 
purifying selection in the C-terminal substrate-binding domains of stable F-box genes in Caenorhabditis (Thomas, 
2006) as well as in Arabidopsis (Schumann et al., 2011). In Arabidopsis unstable genes, numerous regions located 
C-terminal to the F-box domain seemed to be under strong positive selection, and while in most cases the F-box 
domain is rather conserved, it is the substrate-recruiting Kelch domain that seems to be positively selected for. 
Hence, Kelch repeats evolve in a manner that supports the constant development of novel substrate specificities, 
and therefore responsible for the functional redundancy or sub-functionalization in regards to target specificity.  
Even if it was argued that most of the F-box proteins of Arabidopsis do not have obvious functional paralogs 
based on direct sequence aligments between members of the same clade (Gagne et al., 2002), at least partial 
functional redundancy could be shown for the auxin receptors (Dharmasiri et al., 2005), the ethylene signaling 
components EIN3-BINDING F-BOX PROTEIN1-2 (An et al., 2010) and EIN2-TARGETING PROTEIN1/2 (Qiao et al., 
2009), the root development regulators VIER F-BOX PROTEINE1-4 (Schwager et al., 2007), and more importantly 
for the FBKs ZTL, FKF1, and LKP2 (Baudry et al., 2010). Indeed, full genetic redundancy is evolutionary instable 
(Thomas, 1993) because the duplication of a gene lowers the selective pressure on both the new copy and the 
original gene (Hughes, 1994). In the context of the FBKs, their rapid gene superfamily expansion suggests scenarios 
wherein natural selection favors additional copies for an increased repertoire of molecular tools via sub-
functionalization (Demuth & Hahn, 2009). The latter is supported by clear differences in transcriptional regulation 




The molecular characterization of KMDs indicates conservation of protein features such as subcellular 
localization, ability to associate with CUL1 and partially ASK-binding patterns (see 6.3. KMDs as substrate adaptor 
subunits of SCF complexes that control PAL stability in Arabidopsis). This indicates that KMDs may be able to 
integrate into the same SCF complexes and act in the same cellular compartments. Therefore, as well as indicated 
for others FBK sub-clades (Schumann et al., 2011), it is attractive to hypothesize that two genetic mechanism can 
mainly contribute to potential partial sub-functionalization, if applicable, of KMDs in Arabidopsis: (i) positive 
selection acting primarily on the Kelch repeats domain that can result in modified substrate specificities, and (ii) 
different transcriptional regulation. 
In one hand, according to the crystal structure of proteins containing kelch repeats, these modules form a 
β-propeller (Ito et al., 1994; Bork et al., 1994; Gumz et al. 2015), which contains multiple potential protein-protein 
contact sites (Andrade et al., 2001). Based on the molecular modelling of the kelch repeats of the galactose oxidase 
(GAO) crystal structure from the fungus Dactylium dendroides (Ito et al., 1994), it was establish that Arabidopsis 
FBK kelch repeats form a potential protein-protein interaction domain (Andrade et al., 2001) that, therefore, 
defines their biological function.    
3-D reconstruction predicted that KMDs adopt the stereotypical topology of a β-propeller. Typically, five to 
seven Kelch repeats form a β-propeller with the blades arranged around a central axis, with intrablade and 
interblade loops of varying lengths that can protrude above, below, or at the sides of the β-sheets, contributing 
with the variability of the binding properties (Fulop & Jones, 1991; Jawad & Paoli, 2002; Prag & Adams, 2003). 
With the exception of the Arabidopsis AFR, all functionally characterized kelch proteins in plants contain a 
minimum of five kelch repeats, as well as KMD2. Therefore, KMD2 match the prerequisites to form a closed 
propeller structure with stabilized interactions between the first and last blade. However, KMD1, KMD3 and KMD4, 
contain four kelch repeats. This is in concordance with the vast majority of plant FBKs that contain less than three 
kelch repeats (Schumann et al., 2011). It is questionable therefore, whether functional β-propellers can be form in 
KMD1, KMD3 and KMD4. However, it is unlikely that the kelch repeats in KMD1, KMD3 and KMD4, as well as in the 
vast majority of FBKs, are nonfunctional, so some hypothetical scenarios are attractive. It is conceivable that KMD 
proteins with less than 5 kelch repeats dimerize to achieve a full set of propeller blades. Also, due to the poor 
sequence conservation of the kelch motif, the missing repeats are present but not recognized in protein databases 
like Pfam (http://pfam.xfam.org/). Actually, other motif recognition algorithms/databases such as Interpro 
(http://www.ebi.ac.uk/interpro/) recognize a complete galactose oxidase β-propeller domain (IPR015916) in the 




In mammals, dimerization of F-box proteins has been described as a regulatory factor for substrate 
interactions (Welcker et al., 2007). However, in most cases the in vivo effect of F-box protein dimerization on 
substrate selection and ubiquitination remains unclear (Li et al., 2010; Yen et al., 2012; Suzuki et al., 2000; Hao et 
al., 2007; Welcker et al., 2007). This opens the possibility that plant F-box proteins, including the FBKs, also displays 
similar dimerization abilities. In fact, size exclusion chromatography and small-angle X-ray scattering (SAXS) of a 
recombinant FKF1-LOV polypeptide, from the Arabidopsis FBK protein FKF1, indicates a dimeric association 
(Nakasako et al., 2005).  Moreover, the only Kelch repeat-containing protein from the plant kingdom which has its 
crystal structure characterized, the thiocyanate-forming protein (TFP) from Thlaspi arvense (field penny-cress; 
Brassicaceae), crystallized as homodimer (Gumz et al., 2015). In concordance, KMD1, KMD2 and KMD4 have the 
ability to form dimers in a heterologous system. This finding allow to hypothesize that they can achieve a tertiary 
structure suitable for the interaction with target proteins, with combinatorial possibilities that can have an effect 
on the diversity and/or specificity of the recruiting substrates. Moreover, the putative convergence of different 
KMDs in the same SCF complex is an indicator of its involvement in common biological processes. However, a 
detailed study of KMDs dimerization abilities and its effects on target recruiting in planta is yet to be done.  
In the other hand, differential gene regulation indeed contributes to functional diversification, as it was 
reported on the auxin receptors, members of the F-box LRR subfamily (Dharmasiri et al., 2005; Parry et al., 2009). 
In this context, transcriptional co-regulation can be positively related with functional conservation. Even if the 
transcriptional co-expression does not necessarily means transcriptional co-regulation, the study of the correlation 
between the expression patterns of KMD1-4 is a starting point to get insights on its spatio-temporal transcripts 
convergence. According to the results, differential correlation can be found between KMD1-3-4 and KMD2 gene 
expression patterns, depending on the datasets selected. While KMD1-4 are clearly co-express in response to 
photoperiod, and in a less extend to light intensity and stress experiments, KMD2 appeared with lower and even 
negative Pearson’s correlation coefficient in the analysis for other stimuli like nutrients and hormones, respectively.  
For example according with Genevestigator’s data, KMD2 seems to be less responsive to some nutritional stresses 
(Figure 16-C) and divergent in response to some phytohormone exogenous supply treatments like BL (Figure 20-
B).  
Unlike unstable FBK genes, KMD1-4 displayed medium-high levels of expression in different tissues and 
developmental stages (Figures 14-15) as it is the case for most Arabidopsis stable FBK genes, supporting the idea 
that they perform functions in developmental and/or physiological processes conserved in all land plant species. 
Indeed, the few FBKs biologically characterized are ancient genes with conserved function in essential physiological 




orthologs in several species. Nevertheless, differences between KMDs levels of expression in the tissues callus and 
root, and during senescence support the idea of a partial sub-functionalization between the KMDs.  
Altogether indicates that KMDs are genes conserved in land plants that may have roles in relevant 
physiological processes. These roles can be performed by KMDs through the physical interaction with target 
proteins via the kelch repeats protein-protein interaction domain, which has a predicted β-propeller tertiary 
structure that can be accomplish by the four KMDs as monomers and probably as dimers. Based on the 
hypothetical mechanisms driving putative sub-functionalization discussed previously, correlation in the KMDs gene 
expression patterns indicates that KMDs may have redundant functions in some biological functions. At the same 
time, specific transcriptional behavior/intensity in response to determine stimuli, and in few selected tissues and 
stages of development argued that KMDs partially sub-functionalized. Mainly, KMD2 seems to be most likely 
subject to sub-functionalization because it exhibits a higher number of kelch repeats that can result in modified 
substrate specificities, and seems to be under a partially different transcriptional regulation.  
7.3. KMDs AS SUBSTRATE ADAPTOR SUBUNITS OF SCF COMPLEXES WITH PUTATIVE 
MULTIPLE FUNCTIONS 
KMDs function as canonical F-box substrate adaptors, based on their interactions with known components 
of the Arabidopsis SCF complex. Myc-tagged KMD1 and GFP-tagged KMD1 and KMD4 co-immunoprecipitated with 
CUL1 in planta, consistent with the KMD proteins functioning within a SCF complex in plant cells. In the same 
direction, KMD1 and KMD4, which were selected as representatives of the two branches of the KMDs sub-cluster, 
interacted with ASKs in a heterologous system. Both KMD1 and KMD4 interact with ASK1, ASK2 and ASK11, while 
a strong interaction was found between KMD1 and ASK3. This finding is in concordance with a large scale yeast-2-
hybrid interaction study, tested assembly of 341 F-box proteins with 19 ASK family members, where seven ASK 
proteins (ASK1-3 and ASK11-14) were each able to interact with more than 40 different F-box proteins (Kuroda et 
al., 2012). KMD1 and KMD4 also interact with ASKs that displayed higher specificity, as suggested for ASK4-6 that 
were reported to interact with less than five of the 341 F-box tested by Kuroda and collaborators (2012). 
Interestingly, ASK8 and ASK18, and ASK20 were found to also activate the Y2H system when co-transformed with 
KMD1 and KMD4, and with KMD1, respectively, indicating that KMDs can interact with ASKs rarely involved in SCF 
complexes or that require secondary modifications to accomplish the assembling of the SCF core (Kuroda et al., 
2012; Choi et al., 2014). Moreover, KMD1-MYC fusion was found to be associated with Ub molecules. Since KMD1-
MYC fusion is not subject to degradation via the 26S proteasome either in stable or transient systems, KMD1-MYC 
detection in a total ubiquitinated proteins pull-down assay is in concordance with the fact that Ub molecules and 




complex CUL1 brings the F-box and the Ub-E2 intermediate into close physical proximity to enable Ub transfer to 
a target protein (Zheng et al., 2002b). 
SCFKMD complexes in Arabidopsis plant cells are demonstrated based on KMDs ability to physically interact 
(i) with CUL1 in planta, (ii) with ASK proteins in a heterologous systems, and (iii) by the in vivo physical association 
with Ub molecules in a 26S-proteasome independent manner.  
KMD proteins may function as substrate recruiters in the cytoplasm as well as in the nucleus, as suggested 
by KMD1, KMD2 (data not shown), and KMD4 subcellular localization. Consistently, KMD1, as part of SCF 
complexes, seems to be involved in multiple aspects of the cell biology, as suggested by the diversity of interactors 
found in the Y2H mating screening. Most likely, KMD1 play crucial roles in BINs like (i) Photosystem, through the 
light reactions and the Calvin cycle; (ii) Redox, through thioredoxines; (iii) S-assimilation, through the adenosine-
5'-phosphosulfate reductases; (iv) Fermentation, through aldehyde dehydrogenases; (v) DNA repair; (vi) Secondary 
metabolism, through the biosynthesis of phenylpropanoids. However, a detailed study of KMD1 function(s) in these 
last processes is yet to be done, with the exception of the biosynthesis of the phenylpropanoids (see 7.4. KMDs 
mediate PAL stability with consequences in the phenylpropanoids biosynthesis).  
7.4. KMDs MEDIATE PAL STABILITY WITH CONSEQUENCES IN THE PHENYLPROPANOIDS 
BIOSYNTHESIS 
Synthesis and accumulation of anthocyanins are stimulated by different abiotic stresses (Tsukaya et al., 
1991). However, responses common to several different stresses may be controlled by signaling pathways specific 
to each stress type, as it is the case of -Pi-induced anthocyanin accumulation in Arabidopsis (Rubio et al., 2001). By 
means of the discovery and characterization of phr1, it was possible to establish that anthocyanin accumulation is 
a primary response to Pi limitation (Rubio et al., 2001), rather than a secondary side effect controlled by a shared 
mechanism, as suspected previously (Trull et al., 1997).   
Two main arguments sustained the study of KMDs as putative substrate adaptors that recruit PAL for Ub 
labeling: (i) anthocyanins are water-soluble vacuolar flavonoids, synthesized via the phenylpropanoid pathway that 
has as the entry-point the enzyme PAL, which catalyzes the non-oxidative elimination of ammonia from L-Phe to 
yield t-CA (Cochrane et al., 2004); (ii) numerous independent diploid yeasts clones harboring PAL2 were found in 
a mating using KMD1 as bait. Indeed, four of the five independent clones associated with PAL2 represented strong 
interactions with KMD1.   
Different lines of evidence in this study revealed that KMD1 physically interact with PAL2, like the genome-




followed by pairwise Y2H validation extended with KMD2 and KMD4, and the co-IP of KMD1 with PAL2 in a transient 
system and, more importantly, in two independent co-overexpressor lines oePAL2-GFP/oeKMD1-MYC. The 
inmmunodetection of PAL2 in the co-IP assay is not due to the artificial interaction with the GFP tag, since the GFP 
alone is not detected in the co-IP output when co-expressed with KMD1-MYC, indicating that the co-
immunoprecipitation only occurs when PAL2 is fused to the GFP tag.  
KMD proteins most likely dominates the substrate specificity of SCFKMD complex, leading to ubiquitination 
and degradation of PAL2. In fact, KMD1 and PAL2 co-overexpression in a stable system resulted in an obvious 
decrease of PAL stability. PAL2-GFP levels of detection in oePAL2-GFP/oeKMD1-MYC co-overexpresor lines was 
discernible attenuated in comparison with the oePAL2-GFP-32 parental line. Indeed, in the co-overexpressor lines, 
PAL2-GFP fusion levels were inversely proportional to the KMD1-MYC contribution, as evidenced by the strongest 
reduction on PAL2-GFP levels on oPAL2-GFP/oeKMD1-MYC-10 than in oePAL2-GFP/oeKMD1-MYC-8. Reduction on 
PAL2-GFP levels in the co-overexpressor lines due to co-suppression effects can be discarded because no significant 
difference on PAL2 expression levels were found between the oePAL2-GFP/oeKMD1-MYC lines and oePAL2-GFP-
32 parental line.  
It is worth noting that, the recognized control of PAL can occur through several mechanisms like product 
inhibition and metabolite feedback regulation, among others (Zhang et al., 2015). oePAL2-GFP-32 selection as the 
parental line for cross-pollination and subsequent generation of oePAL2-GFP/oeKMD1-MYC co-overexpressor lines, 
was made having in consideration PAL and phenylpropanoid biosynthesis feedback regulation, which may 
introduced an extra level of complexity in the study of the post-transcriptional regulation of PAL via KMDs. By 
means of the anthocyanin accumulation levels, the functionality of the over-expressed PAL2 was evaluated in 
oePAL2-GFP plants and, based on that criteria, in oePAL2-GFP-32 line PAL2-GFP and/or phenylpropanoids 
biosynthesis was found to not been under a detectable negative regulation. However, levels of PAL2 overexpression 
higher than those found in oePAL2-GFP-32 seems to be sufficient to trigger a negative feedback regulation. oePAL2-
GFP-42 showed a significant reduction on the anthocyanin accumulation in response to  -Pi in the cotyledons, but 
not in the presence of Pi in the growing medium. This phenomena can be explain based on a combinatorial effect 
of the high levels of PAL2 over-expression and the reported strong  -Pi-induction of the MYB TFs PAP1 (PRODUCTION 
OF ANTHOCYANIN PIGMENT 1) and its close homolog PAP2 (PRODUCTION OF ANTHOCYANIN PIGMENT 2) (Scheible 
et al., 2004; Morcuende et al., 2007).  PAP1 is a key positive regulator of genes that encode for anthocyanin 
synthesis enzymes like PAL, CHS, and DFR (Tohge et al., 2013). Under  -Pi, the constitutive high levels of PAL2 plus 
the  -Pi-induced levels of CHS, DFR and GST, may result in high levels of the immediate product of PAL (t-CA), and 




(Durbin et al., 2000; Tuteja et al., 2004). t-CA has long been proposed as a signal molecule, regulating flux into the 
pathway (Lamb, 1979; Bolwell, et al., 1986), by negatively regulating PAL activity and transcription, either via 
exogenous supply or by a limiting down-stream enzymatic activity (Lamb 1979; Bolwell et al., 1986; Mavandad et 
al., 1990; Blount et al., 2000).  
In the same direction, negative feedback regulation can be triggered by intermediates from branch 
pathways like the aforementioned flavonoid biosynthesis. In Arabidopsis, PAL activity and PAL1, PAL2 and CHS are 
repressed in response to a deficiency on the 3-O-glycosilation of flavonols, found in a double mutant deficient in 
AtUGT78D1-2 (Olsen et al., 2008), so repressing flavonol synthesis itself. Interestingly, KMDs transcript levels are 
up-regulated in oePAL2-GFP-32 plants but not in oePAL2-GFP-42, indicating that the negative feedback regulation 
proposed for oePAL2-GFP-42 involves also post-transcriptional regulatory elements like the KMDs.  
In addition, PAL2 was found to be ubiquitinated in vivo, as revealed by the detection of PAL2-GFP fusion in 
the purified pool of ubiquitinated proteins from N. benthamiana leaves transiently overexpressing PAL2-GFP. 
Supporting this finding, ubiquitin-PAL conjugates were found in a tandem affinity purification and mass 
spectrometric analysis of ubiquitinated proteins in Arabidopsis (Saracco et al., 2009).  
Ub labelling of PAL2 seems to be regulating its degradation via the 26S proteasome system because PAL2-
GFP fusion accumulation levels were sensitive to MG132 treatments. In the presence of the specific 26S 
proteasome inhibitor MG132, PAL2-GFP fusions appeared to be stabilized in N. benthamiana leaves transiently 
overexpressing PAL2-GFP.  
This effect on PAL2 stability driven by SCFKMD was evidenced in plants with KMDs altered expression, by 
changes on the levels of accumulation of precursors, intermediates and products of the phenylpropanoids 
biosynthesis pathway. The levels of the phenylpropanoids precursor (i) L-Phe, the intermediates (ii) ferulic and 
sinapic acids, and the product (iii) anthocyanins, were reciprocally affected by the silencing and overexpression of 
KMDs. L-Phe levels were found to be significantly lower in both kmd1/2 and kmd1/4 double mutants, consistent 
with a higher rate of catalysis of L-Phe into t-CA by PAL, in the absence of functional KMD1/2/4. Reciprocally, L-Phe 
levels in oeKMD1-GFP were higher than in WT plants, indicating lower carbon flux into the phenylpropanoids 
biosynthesis when KMD1 is overexpressed. Consistent with a KMDs-mediated turnover of PAL, higher and lower 
levels of the intermediates ferulic and sinapic acids, located down-stream PAL in the biosynthesis of the 
phenylpropanoids, were found in the double mutants and in oeKMD1-GFP lines, respectively. In the same 
direction, anthocyanins that are one of the final products of the phenylpropanoids biosynthesis pathway, were 
found to accumulate in a higher extent in kmd1/2, kmd1/4 and kmd1/2/4 in comparison with WT seedlings, mainly 




transcriptional regulation of PAL, and the reported induction of anthocyanins by high carbon source or the related 
sugar signaling (Tsukaya et al., 1991; 2005; Solfanell, et al., 2006). 
The genetic and metabolic evidence discussed above strongly suggest that KMDs, as substrate adaptors of 
SCFKMD complexes, act as basic post-transcriptional regulators of carbon flux toward phenylpropanoids secondary 
metabolites by controlling the stability of the entry-point enzyme of the general phenylpropanoids pathway, PAL. 
During the development of this document, similar results were published that are supporting our findings (Zhang 
et al. 2013). 
7.5. KMDs AS AN INTERPLAY NODE BETWEEN Pi, SUGAR AND CYTOKININ SIGNALING  
Based on our findings, KMDs act as an integrator node of the previously reported (i) bidirectional 
antagonistic interactions between cytokinin and both sugar and Pi-starvation signaling (Franco-Zorrilla et al., 2005), 
as well and more importantly in the focus of this research, of the (ii) positive bidirectional interaction between 
sugar and Pi-starvation signaling (Franco-Zorrilla et al., 2005; Karthikeyan et al., 2007; Lei et al., 2011) by means of 
the post-transcriptional regulation of PAL stability (Figure 44).  
 
KMDs integrates evidence on the intricate interconnections between cytokinin, sugar and Pi-starvation 
signaling. Kinetin treatments revealed that the high level mutant kmd1/2/4 and the oeKMD1-GFP line exhibit 
enhanced and reduced response to exogenous kinetin supply, respectively, with a striking cytokinin-insensitive PR 
Figure 44. KMDs as integrators of the interplay between cytokinin, sugar and Pi signaling. KMDs act as an integrator
node of the bidirectional antagonistic interactions between cytokinin and both sugar and Pi-starvation signaling, as well
of the positive bidirectional interaction between sugar and Pi-starvation signaling, by means of the post-transcriptional
























growth displayed by oeKMD1-GFP seedlings under sufficient Pi and Suc conditions. The PR growth response assay 
in the presence or absence of Pi and Suc in combination with kinetin treatments, indicates that oeKMD1-GFP 
insensitivity to kinetin is Pi dependent and Suc independent, although it is exacerbated by the lack of Suc in the 
growth medium. Moreover, the almost unaffected response to kinetin found in both kmd1/2/4 and oeKMD1-GFP 
under the combined -Pi and -Suc treatment, relates with a high place of Pi-starvation signaling in the regulatory 
hierarchy controlling plant metabolism and development in harmony with the physiological importance of Pi 
(Franco-Zorrilla et al., 2005). Such a hierarchical organization, allows development (i. e. root growth) to be adjusted 
to Pi status. For instance, low Pi will reduce cytokinin signaling, thereby increasing the root-to-shoot growth ratio 
and concomitantly the soil Pi scavenging potential, as well accelerating senescence, which is a Pi-mobilizing process 
(Franco-Zorrilla et al., 2005). Interestingly, during the development of this research, KMDs-mediated regulation of 
cytokinin signaling in Arabidopsis was reported (Kim et al., 2013). SCFKMD complexes are negatively regulating the 
cytokinin responses by the post-transcriptional control of the type-B ARR (Arabidopsis Response Regulators) TFs 
levels, whose action is regulating the transcriptional response to cytokinins in Arabidopsis (Kim et al., 2013). KMDs 
are directly interacting with the type-B ARR TFs and targeting them for degradation (Kim et al., 2013). This 
cytokinin-regulatory role of KMDs may be partially explaining the marked heterogeneity in the KMDs gene 
expression and, in particular, the high KMD2 transcriptional activity found in the tissues callus and root. In this 
context, future studies should address the identification of TFs regulating KMDs transcriptional activity in response 
to cytokinins and, more importantly, to sugar fluctuations.  
In the context of this research, we had focus con KMDs role in the positive bidirectional interaction 
between sugar and Pi-starvation signaling. The sugar metabolism is close linked to Pi status, linkage that is a primary 
determinant of metabolic adaptations in plants (Franco-Zorrilla et al., 2005). Pi plays a key role in the coupling of 
light and dark reactions in photosynthesis and in the export of trioses from the chloroplast. Pi is also a substrate 
or a product in many reactions of sugar metabolism and an effector of key enzymes of starch and Suc synthesis. 
Paralleling this close metabolic link, it is well known that Pi starvation induced the expression of Suc-responsive 
genes (Sadka et al., 1994; Nielsen et al., 1998; Ciereszko et al., 2001; Ciereszko & Kleczkowski, 2001; Karthikeyan 
et al., 2007), while the expression of most if not all the Pi starvation-induced genes is enhanced by Suc (Franco-
Zorrilla et al., 2005; Karthikeyan et al., 2007; Lei et al., 2011). Although sugar input appears to be down-stream of 
initial Pi sensing (Karthikeyan et al., 2007), it is absolutely required for the completion of the PSI signaling pathway 
(Karthikeyan et al., 2007), and studies on the SUC2 (SUCROSE TRANSPORTER2) had demonstrated that it is the 
level of Suc, rather than a particular Suc transporter, that affects the magnitude of plant responses to Pi starvation 
(Lei et al., 2011). In this direction, the highest expression of sugar and Pi starvation-responsive genes when Pi-




genes are actually Pi starvation responsive and that high sugar further reduces cellular Pi levels by increasing the 
levels of sugar Pi (Sadka et al., 1994). However, this metabolic interpretation based on a stoichiometric balance 
between Pi and sugars is insufficient alone because even if the elevate Suc levels is sufficient to induce or enhance 
the expression of many PSI genes in Pi-sufficient conditions, the degree of induction is much lower compared with 
that induced by Pi starvation (Lei et al., 2011). This observation, enforce the idea that Suc needs to interact with 
other factors under Pi starvation conditions to orchestrate the wide range of PSR.  
We propose that KMDs contribute in sugar and Pi-starvation signaling interaction acting as integrators of 
the two pathways, by controlling the stability of the common effector PAL, which alters the carbon flux directed to 
the phenylpropanoids biosynthesis and, in consequence, the fine-tuned balance between Pi and sugar status. 
Indeed, PAL-mediated carbon flux into the phenylpropanoid pathway affects the homeostasis of carbohydrate 
metabolism (Rohde et al., 2004). This impact is due that PAL is the major drain of the carbon fixed in the primary 
metabolism that is pumped into the shikimate pathway, by consuming L-Phe. Under normal conditions, 20% of all 
fixed carbon in a plant is pumped into the shikimate pathway (Hermann, 1995), and PAL directs up to 30% of that 
source to the synthesis of different phenolics (Rohde et al., 2004). Thus, in the context of PAL as a common effector 
of the positively-linked signaling pathways sugar and Pi-starvation, depending on the Pi and sugar balance in the 
plant different scenarios involving KMDs are possible, as resume in Figure 45, as follow: (i) Pi-limitation, (ii) high 
Suc availability, (iii) high Pi supply, and (iv) Suc starvation.  
Due to the positive bidirectional interaction between sugar and Pi-starvation, under (i) Pi limitation and (ii) 
high Suc treatments, there is a transcriptional repression of KMDs that will limit KMDs-mediated PAL removal, 
thereby promoting the carbon flux to the synthesis of phenolic compounds (Figure 45-A-B). It is in concordance 
with the higher levels of anthocyanins accumulation found in kmd1/2/4 in response to -Pi and high Suc treatments. 
Considering the important amount of carbon pumped into the phenylpropanoids pathway by PAL, most likely it 
will contribute to normalize the perception of the ratio sugar:Pi, by the reduction of sugar Pi hence increasing the 
levels of Pi in the system (Figure 45-A-B). A different yet consistent output is taking place when the sugar:Pi balance 
turn to (iii) high Pi and (iv) Suc starvation (Figure 45-C-D). As long as there is sugar available in the system, under 
high Pi treatments extra Pi will be available for the production of sugar Pi, therefore routing the perception towards 
Suc limitation that, in turn, strongly induce KMDs transcription and further PAL-mediated reduction of carbon flux 
towards phenylpropanoids biosynthesis (Figure 45-C). In this way, KMDs are contributing to buffer the Pi-excess 
effect over the sugar:Pi balance (Figure 45-C). Indeed, kmd1/2/4 plants respond to high Pi treatments by over 
accumulating anthocyanin pigments, indicating that despite the high Pi-mediated Suc limitation perception, KMDs 




scenario, however with a different output, is taking place when no sugar is available in the system. Under -Suc 
conditions there is a lack of substrate to produce sugar Pi hence increasing the perception of Pi availability (Figure 
45-D), situation that favors a remarkable induction of KMDs transcription and KMDs-mediated PAL degradation via 
the 26S proteasome. However, the absence of anthocyanins in the higher order kmd triple mutant in -Suc is 
indicating that KMDs-mediated flux of fixed carbon into the phenylpropanoids biosynthesis is Suc dependent.  
 
Altogether, our model give an idea on the fine regulation of the energetic balance and growth, depending 
on the available Pi and sugars. KMDs contribution to it, can have far-reaching consequences in the metabolic 
adaptations of plants. Actually, perturbations in PAL function seems to lead to adjustments in carbon fixation and 



































Figure 45. Proposed model of the involvement of KMDs in Pi-starvation and sugar
signaling cross-talk. KMDs contribute in sugar and Pi-starvation signaling interaction acting
as integrators of the two pathways, by controlling the stability of the common effector
PAL, which alters the carbon flux directed to the phenylpropanoids biosynthesis and, in
consequence, the fine-tuned balance between Pi and sugar status. In the context of PAL as
a common effector of the positively-linked signaling pathways sugar and Pi-starvation,
different scenarios involving KMDs are possible, depending on the Pi and sugar availability















resemble by an overexpression of KMDs, Rubisco (RIBULOSA-1,5-BIPHOSPHATE CARBOXYLASE/OXYGENASE) is 
upregulated, as well as Rubisco activase in pal1, and both enzymes are central parts of CO2 fixation into organic 
carbon (Rohde et al., 2004). In addition, pal mutants have upregulation in the transcriptional activity of genes 
encoding other enzymes of the carbohydrate metabolism, such as phosphoglycerate kinase and triose phosphate 
isomerase that metabolize the phosphoglycerate generated by Rubisco; the trehalose 6-phosphate synthase, that 
generates trehalose 6-phosphate that, in turn, has an important function in controlling the flux into glycolysis in 
yeast and controls carbohydrate use in plants (Eastmond & Graham, 2003; Schluepmann et al., 2003). Therefore, 
is tempting to thing that KMDs may not only contribute with the regulation of the phenylpropanoids biosynthesis 
and, thereby, with the fine-tuned sugar:Pi balance, but also be affecting CO2 fixation and starch usage, so producing 
general changes in the energetic metabolism of the plant and in the cellular homeostasis. In this context, it will be 
very interesting to study whether KMDs overexpression have an effect on the carbon fixation rates. Also, it will be 
relevant to answer why oeKMD1-GFP mitigate the harmful effect of high sucrose treatments, insensitivity that 
can’t be explained by a higher CO2 fixation by PAL mediated by KMDs. This outlook hypothesis open new questions 







Figure 46. Putative KMDs involvement in carbon fixation and carbohydrate metabolism. Model representing future
working hypothesis. In Arabidopsis double mutant pal1/pal2, that should be resemble by an overexpression of KMDs as well
as a –Suc-mediated KMDs up-regulation, RUBISCO (RIBULOSA-1,5-BIPHOSPHATE CARBOXYLASE/OXYGENASE) and many other
genes encoding enzymes of the carbohydrate metabolism are upregulated, affecting central parts of the CO2 fixation into
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1. KMD protein are substrate adaptors in SCF E3 complexes in Arabidopsis. 
 
2. KMD proteins regulates PAL2 stability at the post-transcriptional level. 
 
3. KMD proteins regulates the biosynthesis of the phenylpropanoids in Arabidopsis. 
 
4. KMD proteins participate as a negative post-traductional regulators of CKs signaling in Arabidopsis. 
 
5. KMD proteins are an integrator node of the antagonic bidirectional crosstalk between CKs and Pi-
starvation and sugar signaling in Arabidopsis. 
 
6. KMD proteins are integrator elements of the crosstalk between Pi-starvation and sugar signaling in 










































1. Las proteínas KMD son adaptadores de substrato en complejos E3 ubiquitin ligasa del tipo SCF. 
 
2. Las proteínas KMD regulan la estabilidad de la enzima PAL a nivel post-traduccional. 
 
3. Las proteínas KMD regulan la biosíntesis de fenilpropanoides en Arabidopsis. 
 
4. Las proteínas KMD participan como reguladores post-traduccionales negativos de la señalización de 
citoquininas en Arabidopsis. 
 
5. Las proteínas KMD son un nodo integrador de la relación antagónica bidireccional entre las citoquininas 
y las rutas de señalización del ayuno de Pi y de azúcares. 
 
6. Las proteínas KMD son un elemento integrador en la relación bidireccional positive entre las rutas de 












































                         
Supplemental Figure 1. Multiple alignment of primary protein structure of KMD1-4 by MUSCLE. Graphical representation of a multiple alignment of the
primary structure of KMD1-4, performed using the MUSCLE algorithm (Geneious software version 8.1.7; http://www.geneious.com/). Annotated F-box
motif (dark grey) and Kelch repeats (blue) for KMD1-4 are noted along the alignment representation. The color code over the amino acids (aa) indicates the
similarity between sequences. A consensus sequence is presented above the alignment, as well as and an identity graph that is green when the sequence do
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Alpha helix Beta strand Loop
Supplemental Figure 2. In silico prediction of secondary protein structure of KMD1-4 by RaptorX. Stacked bar-chart
representation of in silico predictions of the secondary structures of Arabidopsis KMD1-4. The secondary structure prediction is
represented as the probability in % of the presence of one of the secondary structure elements, alpha helix, beta strand or
loop structure, against the number of the corresponding amino acid (aa) (aa 1 being the N-terminal aa). The probability of an
alpha helical, beta strand and loop secondary structure is presented in dark blue, light blue and grey, respectively. Secondary
structure prediction was performed in RaptorX (Kallberg et al. 2012; http://raptorx.uchicago.edu/), using protein sequences




















Supplemental Figure 3. KMD1-4 predicted three-dimensional structure. Predicted three-dimensional (3-D) structure of KMD1-4
proteins, performed using the protein structure homology-modelling server SWISS-MODEL (Arnold et al. 2006; Guex et al.,
2009; Kiefer et al. 2009; Biasini et al., 2014; http://swissmodel.expasy.org/). The previously described FBKs from Arabidopsis,
AFR (ATTENUATED FAR-RED RESPONSE) and FKF1 (FLAVIN-BINDING KELCH-REPEAT F-BOX1) (Harmon and Kay, 2003), were
included, as well as the best match templates. The 3-D predictions were according to the crystal structure of a kelch protein
from Plasmodium falciparum (template 4yy8.1) and a Ta-TFP from Thlaspi arvense (templates 5a11.1/5a.10.1) (Gumz et al.
2015), for KMD1, KMD3, KMD4 and AFR, and for KMD2 and FKF1, respectively. The arrows represent the β-strands. The
structural elements are colored according to the QMEAN4 score. QMEN is a composite scoring function for the estimation of
the global and local model quality, describing the expected similarity to the native structure (template). Blue and red color
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Supplemental Figure 4. Plants with altered KMDs expression. kmd1/2, kmd1/4, kmd1/2/4, WT, oeKMD1-GFP-82, oeKMD4-GFP-
15, oeKMD1-MYC-10 and oePAL2-GFP-32 plants at different stages of development: seedling grown in +Pi medium, young





























Phenylalanine, tyrosine and tryptophan biosynthesis
Supplemental Figure 6. Phenylalanine, tyrosine and tryptophan byosinthesis pathway. Map of the phenylalanine, tyrosine and






















































































Supplemental Figure 7. Biosynthesis of plant secondary metabolites. Map of the biosynthesis pathways of plant secondary
metabolites, taken from KEGG PATHWAY database (http://www.genome.jp/kegg/). Phenylalanine, aspartic acid and


















Ascorbate and aldarate metabolism
Lyxonic acid
Saccharid acid
Supplemental Figure 8. Ascorbate and aldarate metabolism, Map of the ascorbate and aldarate metabolism, taken from KEGG PATHWAY database
(http://www.genome.jp/kegg/). Lyxonic acid and saccharid acid are highlighted in light brown boxes. Lyxonic acid is also known as L-Lyxonate, and saccharid





Supplemental table 1. Detailed description of the experiments selected from the Genevestigator’s Perturbations tool, 








 TREATMENT CONTROL DESCRIPTION / DESIGN 
Nutrients:    
Iron deficient root /  
untreated root (Col-0) 
-FeEDTA for 10 days + 100µM FeEDTA 
Root samples of Col-0 grown for 10 days on vertical plates 
containing solid half-strength Murashige and Skoog medium (pH 
5.7) , with 1% sucrose; 21°C, 16h light / 8h darkness. 
K starved root / 
untreated root (Col-0) 
-K for 10 days +K 
Root samples of Col-0 plants which were initially grown on agar 
containing 1/10 MS salts and which were then transferred on agar 
containing 1/10 MS nutrient solution with or wothout K for seven 
days. 
N starved seedling /  
untreated seedling (Col-0) 
-N for 2 days +N 
Seedling samples of Col-0 grown in sterile liquid medium with 
4mM KNO3 (N-replete condition) for 7 days and then for 2 days in 
medium with or without N. 
Pi starved root or shoot / untreated root 
or shoot (Col-0) 
-Pi for 10 days (5 µM Pi) +  500 µM Pi 
Surface-sterilized seeds were sown in square Petri dishes on 
Murashige and Skoog (MS) 1/10 medium, 0.5% sucrose, 0.8% 
agar, and supplemented with 5 or 500µM Pi; plants were grown 
vertically and leaves and roots were harvested 10 days after. 
Sulfur starved root  /  
untreated root (Col-0) 
-S for 24h + S 
Whole root samples of Col-0 seedlings grown for 5 days on sulfur-
sufficient medium (1x Murashige and Skoog salt mixture, 0.05% 
MES, 1% sucrose, 1% agar; pH 5.7), then transferred for 24h to 
sulfur-deficient or sulfur sufficient medium. 
Sucrose treated seedlings / Sucrose 
starved seedlings (Col-0) 
+ 100mM Suc for 3 
days 
-Suc 
Col-0 seedling samples, grown on agar plates with or without 
sucrose for 3 days. 
Glucose treated seedlings  / Glucose 
starved seedlings 
+ 3% Suc for 2h -Suc 
Seedlings were grown in liquid culture for 7 days on MS medium 
containing 0.5% glucose in constant light. After 7days growth, 
seedlings were treated with medium with or without glucose for 
24 hrs.  
Photoperiod:    
Shortday /  
long day grown seedlings (Col-0) 
8h light / 16h dark 16h light / 8h dark 
Arabidopsis seedlings were grown in a photoperiod of 8 h light / 
16 h dark (treatment) and 16h light / 8h dark (control. 
Long day  / 
 short day grown leafs (Col-0) 
16h light / 8h dark 8h light / 16h dark 
Leaf samples of plants grown on soil (supplemented with 
Hoagland medium) under long (16h light / 8h darknes) and short 
(8h light / 16h darkness) day conditions for 21 and 35 days, 
respectivelly. In both: 120 -160μmol photons m-2 s-1 at 20°C / 8h 
darkness at 18°C. 
Night extension  / 
 untreated rosette (Col-0) 
6 to 8h extended night End of the night 
Gene expression data from Arabidopsis rosettes at the end of the 
night (control) and  6h to 8h into an extended night (treatment). 
18h dark / 
 6h dark shoots (Col-0) 
18h darkness 6h darkness Shoot samples of plants grown for 13.5 days on soil under 12h 
light / 12h dark cycles at 22°C, then, starting at the beginning of 
the dark period on day 14, kept for (i) 18h in darkness, (ii) 6h in 
darkness, and 17h in darkness and (iii) 1h on light. 
17h dark+1h light /  
18h dark shoots (Col-0) 





Supplemental table 1. (Continued) 
 
 TREATMENT CONTROL DESCRIPTION / DESIGN 
Hormones:    
BL treated cell culture /  
untreated cell culture  
+ 1µM BL for 6 days Untreated 
Cells were transferred into medium with or without brassinolide 
(1µM) for 6d. 
ABA treated guard cells /  
solvent treated guard cells (Col-0) 
+ 50mM ABA for 3h + Ethanol for 3h 
Isolated guard cell samples of 5 weeks old WT plants, treated 
with 50mM ABA or ethanol for 3h. 
IAA treated seedlings /  
untreated seedling (Col-0) 
+ 1μM IAA for 1h Untreated 
Seedling samples of WT grown for 7 days in liquid ATS medium 
(22°C, constant white fluorescent light) and then treated with or 
without 1μM IAA for 1h. 
Zeatin streated seedlings /  
untreated seedlings (Col-0) 
+ 20μM t-zeatin for 3h Untreated 
Whole plant samples of 21 days old WT plants were treated with 
























Supplemental table 2. Collection of KMD1-4 gene expression data in response to a wide range of abiotic stimuli, taken from 
the Genevestigator database Perturbations tool (https://genevestigator.com/). Gene expression represented as foldchange 
relative to the control condition. Experiments performed on WT background samples and with 2x foldchange values, were 
grouped in photoperiod, light intensity, light quality, hormones and nutrients. 
 
  KMD1 KMD2 KMD3 KMD4 
Photoperiod: WT background     
Long day Long day (Col-0) / short day (Col-0) -10.97 -1.07 -4.58 -2.21 
Circadian clock 
Circadian clock (5h dark+1h light) / circadian clock (6h dark) -11.30 -4.67 -5.68 -2.44 
Circadian clock (17h dark+1h light) / circadian clock (18h dark) -27.04 -8.94 -27.34 -10.44 
Circadian clock (17h dark+1h light) / circadian clock (5h dark+1h light) 2.08 2.25 -1.18 -1.02 
Circadian clock (18h dark) / circadian clock (6h dark) 4.98 4.31 4.10 4.21 
Night extension 
Night extension (early) / untreated rosette samples 5.59 4.14 3.91 3.81 
Night extension (intermediate) / untreated rosette samples 7.06 4.18 4.03 5.35 
Night extension (late) / untreated rosette samples 7.02 4.75 3.86 4.64 
Short day Short day / long day grown seedlings 3.62 1.21 1.47 1.33 
Shift SD to LD 
Shift SD to LD (Col-0) / short day (Col-0) 1.19 2.75 1.05 -1.03 
Shift SD to LD (5d) / short day shoot apex samples at 16°C (Col-0) -1.23 2.80 1.06 -1.31 
Shift SD to LD (9d) / short day shoot apex samples at 16°C (Col-0) -1.15 2.68 -1.07 -1.35 
Light intensity: WT backgrounds 
    
High light 
High light (Col-0) / untreated leaf samples (Col-0) -7.44 -3.01 -5.58 -6.33 
High light (15min) / untreated shoot apical meristem samples (15min) -2.54 -1.15 -1.88 -3.40 
High light (45min) / untreated shoot apical meristem samples (45min) -7.14 -2.01 -4.01 -4.89 
High light (3h) / untreated leaf samples (Col-4) -2.54 -2.50 -2.18 -1.14 
High light (8h) / untreated leaf samples (Col-4) -7.23 -1.17 -2.27 -3.37 
High light (exposed) / low light grown leaf samples -5.72 -1.81 -3.59 -2.76 
High light (distal) / low light grown leaf samples -5.17 3.13 -3.43 -1.66 
High light (Col-0) / low light grown seedlings (Col-0) -6.43 -1.17 -1.73 -1.78 
High light / 21°C (60-120min) / moderate light / 21°C (60-120min) -3.60 -1.56 -1.68 -1.90 
High light / 21°C (140-200min) / moderate light / 21°C (140-200min) -5.06 -2.14 -2.43 -2.76 
High light / 21°C (220-280min) / moderate light / 21°C (220-280min) -3.14 -1.60 -1.52 -1.82 
High light / 21°C (300-360min) / moderate light / 21°C (300-360min) -2.59 -1.18 -1.48 -1.83 
Light / low CO2 Light / low CO2 / dark / low CO2 -1.30 -2.03 -2.25 -1.35 
Light 
Light / dark grown Col-0 seedlings -2.39 -2.11 -1.84 -1.56 
Light / dark grown Ler-0 seedlings -2.16 -3.84 -2.21 -1.91 
Light (Col-0) / dark grown seedlings (Col-0) -3.41 1.10 -3.79 -1.33 
Low light 
Low light / 4°C (60-120min) / low light / 21°C (60-120min) -2.26 -1.43 -1.74 -2.17 
Low light / 4°C (140-200min) / low light / 21°C (140-200min) -3.85 -1.13 -2.94 -2.47 
Low light / 4°C (220-280min) / low light / 21°C (220-280min) -4.67 -1.07 -4.33 -2.51 








Supplemental table 2. (Continued) 
  KMD1 KMD2 KMD3 KMD4 
Low light 
Low light / 4°C (640 and 1280min) / low light / 21°C (640 and 1280min) -1.75 -1.16 -1.49 -2.41 
Low light / 21°C (5-40min) / moderate light / 21°C (5-40min) 2.13 1.18 1.38 1.13 
Low light / 21°C (60-120min) / moderate light / 21°C (60-120min) 2.08 2.03 1.55 1.18 
Low light / 21°C (220-280min) / moderate light / 21°C (220-280min) 2.00 1.61 1.70 1.29 
Low light / 21°C (300-360min) / moderate light / 21°C (300-360min) 2.81 1.70 1.80 1.21 
Low light / 21°C (640 and 1280min) / moderate light / 21°C (640 and 1280min) 2.16 1.26 1.18 -1.00 
Low light (4h) / ambient CO2 / ambient light developing leaf samples (4h) 2.14 1.18 1.47 1.50 
Low light (12h) / ambient CO2 / ambient light developing leaf samples (12h) 2.98 1.36 1.86 1.76 
Low light (24h) / ambient CO2 / ambient light mature leaf samples (24h) 4.98 1.60 2.43 1.91 
Low light + DBMIB (0.5h) / low light (6h) 3.96 2.00 22.05 2.83 
Low light + DBMIB (2h) / low light (6h) 2.46 1.32 5.52 -1.39 
Low light (Col-0) / standard light (Col-0) 8.17 4.06 9.81 2.88 
Dark 
Dark / 21°C (5-40min) / moderate light / 21°C (5-40min) 3.00 1.45 1.93 1.39 
Dark / 21°C (60-120min) / moderate light / 21°C (60-120min) 3.91 7.38 2.57 1.55 
Dark / 21°C (140-200min) / moderate light / 21°C (140-200min) 2.58 5.20 1.74 1.20 
Dark / 21°C (220-280min) / moderate light / 21°C (220-280min) 4.64 4.70 3.73 1.72 
Dark / 21°C (300-360min) / moderate light / 21°C (300-360min) 8.96 4.60 5.40 2.36 
Dark / 21°C (640 and 1280min) / moderate light / 21°C (640 and 1280min) 33.04 5.80 8.11 3.72 
Dark / 32°C (300-360min) / dark / 21°C (300-360min) 1.20 2.08 -1.02 1.39 
Dark / 4°C (60-120min) / dark / 21°C (60-120min) 1.08 -4.10 -1.17 -1.16 
Dark / 4°C (220-280min) / dark / 21°C (220-280min) -2.67 1.31 -5.71 -1.72 
Dark / 4°C (300-360min) / dark / 21°C (300-360min) -2.64 1.98 -6.76 -1.71 
Light quality: WT backgrounds 
    
Blue 
Blue / low light grown seedlings (Col-0) -5.45 -1.43 -2.77 -3.40 
Blue / dark grown Col-0 seedlings -1.64 -2.21 -1.47 -1.45 
Red 
Red (1h) / dark grown seedlings (Col-0) -2.65 -1.74 -1.55 -2.12 
Red (45h) / dark grown seedlings (Col-0) -1.07 -2.35 1.13 1.13 
Far red 
Far red preconditioning (Col-0) / not pre-conditioned Col-0 seedlings -1.23 1.45 -2.37 1.00 
White + far-red (Col-0) / white (Col-0) -1.14 1.31 -2.00 -1.18 
White + far-red  (Col-0) / white (Col-0) 2.44 2.11 -1.06 2.04 
UV 
Shift UV filtered WG345 to WG305 (Col-0) / UV filtered WG345 (Col-0) -2.20 -1.06 -3.06 -1.57 
UV filtered WG295 (1h) / seedlings irradiated with 327nm cut-off (1h) 3.99 -1.30 1.20 1.02 
UV filtered WG295 (6h) / seedlings irradiated with 327nm cut-off (6h) 2.87 -1.09 1.11 2.69 
UV unfiltered max-310nm (1h) / seedlings irradiated with 327nm cut-off (1h) 7.00 -1.01 1.60 1.52 
UV unfiltered max-310nm (6h) / seedlings irradiated with 327nm cut-off (6h) 7.01 1.58 1.61 1.92 
Low R/FR 
Low R/FR + MeJA (2h) / high R/FR + MeJA (2h) 1.01 2.31 1.47 -1.06 
Low R/FR + MeJA (2h) / low R/FR (2h) 2.27 1.85 1.73 1.54 









Supplemental table 2. (Continued) 
  KMD1 KMD2 KMD3 KMD4 
Hormones: WT backgrounds 
    
Abscisic acid 
ABA (30min) / mock treated seedlings (30min) -1.79 -2.26 -1.04 -1.56 
ABA (Col-0) / untreated seed samples -3.12 1.23 -2.52 -2.83 
ABA / untreated embryo endosperm samples -1.69 -2.51 -1.70 1.33 
ABA (Col-0) / untreated plant samples (Col-0) -1.01 -2.12 1.18 1.60 
ABA (Col-0) / solvent treated seedling samples (Col-0) -1.68 -1.97 1.63 2.26 
ABA (Col-0) / solvent treated guard cell samples (Col-0) -3.83 -4.87 1.05 1.11 
ABA (Col-0) / untreated plant samples (Col-0) 1.48 -1.20 1.57 2.24 
DFPM + ABA (Col-0) / solvent treated seedling samples (Col-0) 1.48 -1.25 4.09 3.28 
Salicylic acid 
Salicylic acid (4d) / mock treated Col-0 rosette leaf samples (4d) 1.77 3.88 -1.15 -1.45 
Salicylic acid (Col-0) / mock treated leaf samples (Col-0) -1.21 3.76 -1.10 -1.65 
Salicylic acid / mock treated seedlings -1.08 3.18 -2.48 -1.36 
Salicylic acid / mock treated seedlings -1.26 1.47 -1.50 -2.00 
Jasmonic acid 
MeJa (30min) / mock treated seedlings (30min) -2.47 1.19 -1.04 -2.22 
MeJa (1h) / mock treated seedlings (1h) -2.06 1.25 -1.00 -3.18 
Brassinosteroids 
24-eBL + glucose (dark) / 24-eBL (dark) -32.16 -2.13 -13.51 -17.72 
24-eBL + glucose (dark) / mock treated seedling samples -27.74 -1.83 -10.21 -14.67 
BL/H3BO3 (2d) / untreated cell culture samples -1.52 -15.20 -1.08 1.13 
BL/H3BO3 (4d) / untreated cell culture samples 3.10 -29.10 1.56 1.58 
BL/H3BO3 (6d) / untreated cell culture samples 3.66 -15.15 2.84 2.04 
BL/H3BO3 (8d) / untreated cell culture samples 2.63 -21.75 1.56 1.63 
BL/H3BO3 (10d) / untreated cell culture samples 3.11 -15.65 1.34 1.54 
Auxin 
IAA (Col) / mock treated seedlings (Col) 1.12 1.33 -2.67 1.11 
IAA (1h) / mock treated root samples (1h) 2.21 2.60 -1.58 1.91 
IAA (2h) / mock treated root samples (2h) 1.34 2.14 -2.15 1.35 
IAA (4h) / mock treated root samples (4h) 1.49 2.85 -2.20 -1.03 
NAA (2d) / mock treated inflorescence stem starch sheath cell samples (2d) 3.93 1.48 -1.14 1.41 
NAA (5d) / mock treated inflorescence stem starch sheath cell samples (5d) -1.58 1.19 1.02 -7.03 
NAA (5d) / untreated inflorescence stem internode cell samples -1.65 1.88 -2.69 -2.70 
Shift NPA to NAA (2h) / NPA -1.88 1.33 -9.77 -4.87 
IAA (Col-0) / untreated seedling samples (Col-0) -2.23 -1.74 -3.60 -2.68 
IAA (Col-0) / untreated seedling samples (Col-0) -2.16 -1.27 -2.73 -2.91 
IAA (Col-0) / untreated seedling samples (Col-0) -2.79 -1.28 -2.63 -1.90 
Auxin and 
Brassinosteroids 
NAA + FLG22 (1h) / untreated leaf disc samples  (Col-0) -1.55 1.08 -1.13 -3.91 
NAA + FLG22 (2h) / untreated leaf disc samples  (Col-0) -1.49 1.19 -1.67 -2.74 
RALF RALF (30min) / mock treated seedling samples (30min) 1.08 -1.65 -1.81 -2.73 
Gibberellins GA (1h) / untreated leaf disc samples (Ler-0) -1.45 -1.55 -1.21 -2.01 
Cytokinins 
Zeatin (1h) / mock treated seedlings (1h) -1.30 -1.35 -1.62 -2.16 
Zeatin (Col-0) / solvent treated aerial parts (Col-0) -1.40 -1.06 -2.73 -1.11 








Supplemental table 2. (Continued) 
  KMD1 KMD2 KMD3 KMD4 
Nutrients: WT backgrounds 
    
Iron 
Iron deficiency (intermediate) / mock treated root samples 1.04 -2.02 1.03 -1.36 
Iron deficiency (late) / mock treated root samples 1.74 -1.08 2.37 -1.26 
Iron deficiency (Col-0) / untreated root samples (Col-0) 2.54 1.30 1.61 1.14 
Iron deficiency (Col-0) / untreated Col-0 root samples 2.79 2.28 1.30 1.19 
Potassium 
K+ starvation (root) / untreated root samples 2.39 1.34 2.08 1.57 
KNO3 / (NH4)2SO4 3.13 2.03 1.92 1.75 
KNO3 / NH4NO3 (Col-0) 2.16 1.43 1.54 1.22 
KNO3 (15min) / mock treated root samples (15min) 2.35 1.15 1.89 1.15 
KNO3 (root) / mock treated root samples (Col-0) 3.66 1.19 -1.09 -1.07 
KNO3 / NH4NO3 / light (Col-0) / mock treated Col-0 plant samples (light) 2.40 -1.46 -1.09 1.36 
Mannitol 
Mannitol (2h) / untreated seedlings 1.31 -1.00 2.22 1.22 
Mannitol (Col-0) / mock treated Col-0 guard cell samples 1.38 1.05 3.27 2.51 
Nitrogen 
(NH4)2SO4 (1.5h) / N depletion 2.89 1.61 1.13 2.22 
Ample NH4NO3: elevated CO2 (midnight) / elevated CO2 (midday) 1.75 2.75 1.24 -1.29 
Midday: limiting NH4NO3 / elevated CO2  / ample NH4NO3 / ambient CO2 1.14 2.32 -1.54 -1.18 
Low nitrogen / high nitrogen treated rosette samples 1.06 3.02 -1.28 1.08 
Nitrate (Col-0) / untreated root tissue samples (Col-0) 3.27 1.15 -1.30 -1.00 
N depletion (Col-0) / Seedlings grown under N-replete condition (Col-0) -2.14 1.67 -1.27 -2.76 
Nitrate starvation / untreated seedlings -4.61 -1.18 -2.04 -7.68 
Nitrogen and 
Sucrose 
Nitrate(45mM) / sucrose(90mM) / root samples ( N-free/suc-free) -1.71 -1.14 2.10 -1.41 
Nitrate(0mM) / sucrose(30mM) / root samples ( N-free/suc-free) -3.52 -3.29 1.11 -1.44 
Sucrose 
Sucrose (dark) / dark -1.52 1.34 -3.28 -3.03 
Sucrose / untreated seedlings -1.79 -1.03 -2.51 -2.25 
Sucrose (Col-0) / mock treated Col-0 guard cell samples -3.61 -1.30 -2.88 -3.04 
Glucose 
Glucose (2h) / untreated seedlings -29.26 -6.39 -9.79 -8.84 
Glucose (4h) / untreated seedlings -17.74 -3.72 -6.20 -7.13 
Glucose + estradiol (Col-0) / estradiol (Col-0) -10.50 -2.18 -4.75 -3.63 
Glucose (dark) / mock treated seedling samples -41.47 -1.85 -13.14 -24.86 
Sulfur 
Sulfur deficiency (3h) / mock treated root samples -19.89 -2.57 -2.21 -10.08 
Sulfur deficiency (12h) / mock treated root samples -13.08 -1.44 -1.97 -4.91 
Sulfur deficiency (24h) / mock treated root samples -4.86 -1.22 -1.55 -2.13 
Sulfur deficiency (48h) / mock treated root samples -3.34 -1.27 -1.17 -1.86 
Sulfur deficiency (72h) / mock treated root samples -4.11 -1.40 -2.11 -2.19 
Phosphate 
Pi deficiency (leaf) / Pi supplemented leaf samples -2.30 -1.18 -1.79 -2.12 
Pi deficiency (root) / mock treated Col-0 root samples -1.15 -1.14 -1.25 -2.03 
Pi deficiency (late) / high Pi treated whole plant samples (late) -1.22 1.17 3.85 1.05 
Pi deficiency (shoot) / mock treated Col-0 shoot samples 1.60 1.00 2.30 1.32 





















Supplemental Table 3. Proteins identified by Y2H mating analysis as interactors of KMD1 and it transcriptional response to –Pi. The list includes the yeast
clone ID (Clon ID), the Arabidopsis Gene Initiative (AGI) gene index number, the protein name or description (TAIR8), a qualitative characterization of
yeast clones growth under different auxotrophic conditions (presence(+)/absence(-)) and fold changes in mRNA levels in response to -Pi conditions
(−Pi vs +Pi) in WT and phr1/phl1 (Bustos et al. 2010) plants. The table is accompanied by the non-lethal β-GAL assay over the yeast clones grown in –
WLH 2mM 3-AT.
Presence/Absence of yeast growth
Gene expression:                  














Shoot Root Shoot Root
1 At5g23240 DNAJ heat shock N-terminal domain-containing protein + + + + + + + -15.16 1.45 2.78 1.08
3 At5g16070 TCP-1/cpn60 chaperonin family protein + + + + + - + -2.10 -1.30 3.93 -1.06
4 At3g53260 (ATPAL2);PHENYLALANINE AMMONIA-LYASE 2 (PAL2) + + + + + + + 2.24 -1.88 -3.02 -1.06
6 At4g38970 FRUCTOSE-BISPHOSPHATE ALDOLASE 2 (FBA2); (ATFBA2) + + + + + - - 1.09 -2.83 1.14 9.89
7 At4g12060 Double Clp-N motif protein + + + + + + + -2.10 1.18 1.21 -1.02
8 At1g62640 3-KETOACYL-ACYL CARRIER PROTEIN SYNTHASE III (KAS III) + + + + + + + -2.04 -1.09 1.10 -1.08
9 At4g03280
PROTON GRADIENT REGULATION 1 
(PGR1);PHOTOSYNTHETIC ELECTRON TRANSFER C (PETC)
+ + + + + + + -1.44 -2.36 1.56 5.67
12 At2g46735 Unknown protein + + + + + - + 1.34 1.31 -1.15 -1.11
16 At1g72160 Sec14p-like phosphatidylinositol transfer family protein + + + + + + + -1.70 -1.15 -1.42 -1.38
18 At3g53260 (ATPAL2);PHENYLALANINE AMMONIA-LYASE 2 (PAL2) + + + + + + + 2.24 -1.88 -3.02 -1.06
21 At2g41710 Integrase-type DNA-binding superfamily protein + + + + + + + -1.01 -1.38 1.47 1.29
24 At5g14470 GHMP kinase family protein + + + + + + + 1.04 1.04 1.05 1.39
26 At2g04700
Ferredoxin thioredoxin reductase catalytic beta chain family 
protein
+ + - + + + + -1.50 -1.24 1.32 1.32
28 At4g25130 PEPTIDE MET SULFOXIDE REDUCTASE 4 (PMSR4) + + + + + + + -1.10 1.08 -1.26 1.19
29 At4g03280
PROTON GRADIENT REGULATION 1 
(PGR1);PHOTOSYNTHETIC ELECTRON TRANSFER C (PETC)
+ ` + + - + + -1.44 -2.36 1.56 5.67
31 At3g07670 Rubisco methyltransferase family protein + + + - - + - -3.04 -1.50 2.15 1.89
32 At5g11530 EMBRYONIC FLOWER 1 (EMF1) + + + + + + + -1.15 -1.18 1.14 -1.02
33 At4g03520 (ATHM2) + + + + + + + -1.07 1.05 1.28 1.34
35 At4g03520 (ATHM2) + + + + + + + -1.07 1.05 1.28 1.34
38 At4g03520 (ATHM2) + + + + + + + -1.07 1.05 1.28 1.34
40 At4g25130 PEPTIDE MET SULFOXIDE REDUCTASE 4 (PMSR4) + + + + + + + -1.10 1.08 -1.26 1.19
41 At5g42850 Thioredoxin superfamily protein + + + + + + + 2.37 1.16 -2.14 1.06
42 At2g44650
CHLOROPLAST CHAPERONIN 10 (CPN10);CHLOROPLAST 
CHAPERONIN 10 (CHL-CPN10)
+ + + + + + + -2.83 -1.21 2.01 1.57
46 At1g28680 HXXXD-type acyl-transferase family protein + + + + + + + 2.20 1.03 -4.14 -1.41
48 At3g19450
CINNAMYL ALCOHOL DEHYDROGENASE 4 (CAD4); (CAD-C); 
(CAD); (ATCAD4)
+ + + + + + + 1.16 1.09 -1.31 -1.15


















Supplemental Table 3. (Continued) Presence/Absence of yeast growth
Gene expression:                  














Shoot Root Shoot Root
56 At5g26690 Heavy metal transport/detoxification superfamily protein + + + + + + + - - - -
57 At1g27100 Actin cross-linking protein + + + + + - + -1.01 1.30 1.41 1.35
59 At2g04700
Ferredoxin thioredoxin reductase catalytic beta chain family 
protein
+ + + + + - + -1.50 -1.24 1.32 1.32
61 At1g58100 TCP DOMAIN PROTEIN 8 (TCP8) + + + + + - + 1.21 1.01 1.36 1.11
62 At2g20260 PHOTOSYSTEM I SUBUNIT E-2 (PSAE-2) + + + + + - + -1.38 -1.96 -1.07 4.43
63 At4g03280
PROTON GRADIENT REGULATION 1 
(PGR1);PHOTOSYNTHETIC ELECTRON TRANSFER C (PETC)
+ + + + + + + -1.44 -2.36 1.56 5.67
64 At1g67090
RIBULOSE BISPHOSPHATE CARBOXYLASE SMALL CHAIN 1A 
(RBCS1A)
+ + + + + - + -1.16 -2.07 1.01 9.99
68 At4g37470 KARRIKIN INSENSITIVE 2 (KAI2) + + + + + + + 1.54 1.20 -1.77 -1.06
71 At3g49120
PEROXIDASE CB (PRXCB);PEROXIDASE 34 
(PRX34);ARABIDOPSIS THALIANA PEROXIDASE CB 
(ATPCB);PEROXIDASE 34 (PERX34); (ATPERX34)
+ + + + + + + 2.01 1.16 -1.39 1.55
72 At4g20760 NAD(P)-binding Rossmann-fold superfamily protein + + + + + + + -1.04 1.30 1.39 -1.15
77 At3g20820 Leucine-rich repeat (LRR) family protein + + + + + + + -1.36 -1.18 1.12 2.78
78 At3g48000
ALDEHYDE DEHYDROGENASE 2B4 (ALDH2B4);ALDEHYDE 
DEHYDROGENASE 2 (ALDH2);ALDEHYDE DEHYDROGENASE 
2A (ALDH2A)
+ + + + - + + 1.49 1.12 -1.19 1.45
79 At1g13470 Unknown protein + + + + + + + -1.24 1.04 1.15 -1.12
80 At4g25130 PEPTIDE MET SULFOXIDE REDUCTASE 4 (PMSR4) + + + + + + + -1.10 1.08 -1.26 1.19
81 At3g47620
TEOSINTE BRANCHED, CYCLOIDEA AND PCF (TCP) 14 
(AtTCP14);TEOSINTE BRANCHED, CYCLOIDEA AND PCF (TCP) 
14 (TCP14)
+ + + + + + + 1.13 -1.75 2.00 2.56
82 At1g60670 Unknown protein - + + + + + + 1.01 -1.11 1.19 -1.08
84 At1g01490 Heavy metal transport/detoxification superfamily protein - + - + + + + -1.96 -1.36 1.03 1.24
85 At3g49120
PEROXIDASE CB (PRXCB);PEROXIDASE 34 
(PRX34);ARABIDOPSIS THALIANA PEROXIDASE CB 
(ATPCB);PEROXIDASE 34 (PERX34); (ATPERX34)
+ + + + + + + 2.01 1.16 -1.39 1.55
86 At2g15570
ARABIDOPSIS THIOREDOXIN M-TYPE 3 (ATM3); 
(ATHM3);GFP ARRESTED TRAFFICKING 1 
(GAT1);THIOREDOXIN-M3 (TRX-M3)
- + + + + - + 1.59 1.31 -2.52 1.00
88 At3g49120
PEROXIDASE CB (PRXCB);PEROXIDASE 34 
(PRX34);ARABIDOPSIS THALIANA PEROXIDASE CB 
(ATPCB);PEROXIDASE 34 (PERX34); (ATPERX34)
- + + + + + + 2.01 1.16 -1.39 1.55


















Supplemental Table 3. (Continued) Presence/Absence of yeast growth
Gene expression:                  














Shoot Root Shoot Root
97 At4g18020 PSEUDO-RESPONSE REGULATOR 2 (PRR2); (APRR2) + + + + + + + -1.27 -1.22 -1.46 1.03
114 At3g32980 Peroxidase superfamily protein - + + + + + + - - - -
115 At5g42000 ORMDL family protein - + + + + + + -1.44 1.02 1.35 -1.02
116 At2g44650
CHLOROPLAST CHAPERONIN 10 (CPN10);CHLOROPLAST 
CHAPERONIN 10 (CHL-CPN10)
- + + - - + + -2.83 -1.21 2.01 1.57
117 At3g53260 (ATPAL2);PHENYLALANINE AMMONIA-LYASE 2 (PAL2) + + + + + + + 2.24 -1.88 -3.02 -1.06
119 At4g38970 FRUCTOSE-BISPHOSPHATE ALDOLASE 2 (FBA2); (ATFBA2) + + + + + + + 1.09 -2.83 1.14 9.89
120 At4g03520 (ATHM2) - + + + + + + -1.07 1.05 1.28 1.34
121 At3g47620
TEOSINTE BRANCHED, CYCLOIDEA AND PCF (TCP) 14 
(AtTCP14);TEOSINTE BRANCHED, CYCLOIDEA AND PCF (TCP) 
14 (TCP14)
- + + + + + + 1.13 -1.75 2.00 2.56
125 At5g14660 (ATDEF2);PEPTIDE DEFORMYLASE 1B (PDF1B); (DEF2) - + + - - - - -1.83 -1.30 1.09 1.30
126 At1g33811 GDSL-like Lipase/Acylhydrolase superfamily protein + + + + + + + -1.20 1.03 -2.30 1.06
141 At4g03520 (ATHM2) + + + + + + + -1.07 1.05 1.28 1.34
142 At2g45190
ABNORMAL FLORAL ORGANS (AFO);YABBY1 
(YAB1);FILAMENTOUS FLOWER (FIL)
+ + + + + + + -1.34 1.20 1.44 1.42
148 At4g21860 METHIONINE SULFOXIDE REDUCTASE B 2 (MSRB2) + + + + + + + 1.29 -1.24 -1.10 1.77
150 At3g30370 Transposase + + + + + + + -1.03 1.10 -1.01 -1.03
151 At1g17530
TRANSLOCASE OF INNER MITOCHONDRIAL MEMBRANE 23 
(TIM23-1);TRANSLOCASE OF INNER MITOCHONDRIAL 
MEMBRANE 23 (ATTIM23-1)
+ + - + + + + 2.01 -1.05 1.31 1.29
153 At2g39420 Alpha/beta-Hydrolases superfamily protein + + + + + + + 2.87 1.37 -2.93 -1.40
154 At5g39830 (DEG8);DEG PROTEASE 8 (DEGP8) + + + + + + + -1.98 -1.09 1.51 1.25
163 At1g67090
RIBULOSE BISPHOSPHATE CARBOXYLASE SMALL CHAIN 1A 
(RBCS1A)
+ + - + + + + -1.16 -2.07 1.01 9.99
165 At1g21500 Unknown protein + + + + + + + -1.25 -1.29 1.06 1.76
168 At4g03280
PROTON GRADIENT REGULATION 1 
(PGR1);PHOTOSYNTHETIC ELECTRON TRANSFER C (PETC)
+ + + + + + + -1.44 -2.36 1.56 5.67
174 At1g33990
METHYL ESTERASE 14 (MES14);METHYL ESTERASE 14 
(ATMES14)
+ + + + + + + 1.10 -1.04 1.02 -1.04
186 At5g03370 Acylphosphatase family + + + + - + + 1.30 1.15 1.10 1.14
191 At3g26080 plastid-lipid associated protein PAP / fibrillin family protein + + + + + + + - - - -
194 At4g03280
PROTON GRADIENT REGULATION 1 
(PGR1);PHOTOSYNTHETIC ELECTRON TRANSFER C (PETC)
+ + + + + - + -1.44 -2.36 1.56 5.67
199 At3g53260 (ATPAL2);PHENYLALANINE AMMONIA-LYASE 2 (PAL2) + + + + + + + 2.24 -1.88 -3.02 -1.06


















Supplemental Table 3. (Continued) Presence/Absence of yeast growth
Gene expression:                  














Shoot Root Shoot Root
210 At2g26230 Uricase / urate oxidase / nodulin 35, putative + + - + + + + 1.27 1.23 -1.64 -1.04
212 At3g32980 Peroxidase superfamily protein + + + + + + + - - - -
213 At4g26910 Dihydrolipoamide succinyltransferase + + + + + + + -1.25 1.08 1.12 -1.02
222 At4g32020 Unknown protein + + + + + + + 2.06 -1.04 -2.56 1.04
233 At4g27130 Translation initiation factor SUI1 family protein + + + + + + + 1.03 -1.25 2.17 1.31
233 At5g54760 Translation initiation factor SUI1 family protein + + + + + + + -1.01 -1.00 -1.52 -1.10
257 At4g03520 (ATHM2) + + + + + + + -1.07 1.05 1.28 1.34
258 At2g05230 DNAJ heat shock N-terminal domain-containing protein + + + + + + + 1.19 -1.06 -1.04 -1.03
261 At4g25130 PEPTIDE MET SULFOXIDE REDUCTASE 4 (PMSR4) + + + + + + + -1.10 1.08 -1.26 1.19
267 At1g62180
5'ADENYLYLPHOSPHOSULFATE REDUCTASE 2 
(APR2);ADENOSINE-5'-PHOSPHOSULFATE REDUCTASE 
(APSR)
+ + + + + + + 2.32 -1.09 -5.46 -1.63
271 At1g75330 ORNITHINE CARBAMOYLTRANSFERASE (OTC) + + + + + + + 1.28 -1.03 -1.24 -1.01
275 At5g07680
NAC DOMAIN CONTAINING PROTEIN 80 (ANAC080); 
(ATNAC4);ARABIDOPSIS NAC DOMAIN CONTAINING 
PROTEIN 79 (ANAC079)
+ + + + + + + -1.29 -1.87 1.55 3.64
276 At5g64040 (PSAN) + + + + + - + -1.01 -1.17 1.02 3.51
283 At2g06050 OXOPHYTODIENOATE-REDUCTASE 3 (OPR3); (AtOPR3) + + + + + - + 6.40 1.76 -6.10 -1.48
285 At3g53260 (ATPAL2);PHENYLALANINE AMMONIA-LYASE 2 (PAL2) + + + + + + + 2.24 -1.88 -3.02 -1.06
287 At4g30690 Translation initiation factor 3 protein + + + + + - + -3.47 -1.31 2.60 1.84
Non-lethal β-galactosidase assay in –WLH 2mM 3-AT
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